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Abstract
Chaperonins are ubiquitous, sequence related protein complexes that aid in the
folding of nascent and misfolded polypeptides in an ATP driven pathway. Recently a
GroEL-like, 860 kilo Dalton chaperonin protein complex was identified and isolated from
the bacteriophage EL, a virus that infects the Gram-negative bacterium Pseudomonas
aeruginosa. The bacteriophage EL contains 201 predicted open reading frames and is
the only known phage that encodes for its own chaperonin known as Φ-EL-chaperonin.
To understand the importance of Φ-EL-chaperonin in phage EL life cycle, the
recombinant Φ-EL-chaperonin protein was expressed in Escherichia coli (E. coli)
purified to homogeneity and the structure of Φ-EL-chaperonin was studied in ATP and
ADP bound states using cryo-electron microscopy (cryo-EM). The Φ-EL-chaperonin is a
61 KDa protein that self assembles into a tetradecamer composed of two back-to-back
stacked identical rings in the presence of ATP. The 7Å cryo-EM reconstruction of ATP
bound Φ-EL-chaperonin provides insight into the architecture of the subunit interaction
within and between the rings. The striking features include co-operative ATP binding
between the rings and a novel subunit interaction across the inter-ring interface that
accounted for its high structural stability in the ATP bound state. Furthermore, Φ-ELchaperonin does not require a co-chaperonin for hydrolyzing ATP, which was verified
upon adding ADP to the protein sample and solving the structure using cryo-EM.
The 9Å cryo-EM reconstruction of the ADP bound Φ-EL-chaperonin revealed
large conformational changes that occur as a result of ATP hydrolysis. Interestingly,
both the chaperonin rings hydrolyze ATP simultaneously triggering conformational
changes in both the rings and dissociates equatorially into two separate heptamers that
vi

then acquire a closed conformation. Particularly, the equatorial domains and apical
domains extend away from the center of the ring and encase an enormous cavity inside
the ring. The cavity presumably accommodates and mediates folding of large viral gene
products that cannot be folded by the host chaperonin system. Additionally, dynamic
light scattering (DLS) experiments were conducted to further investigate the mechanism
of Φ-EL-chaperonin. Interestingly, the experiments revealed the presence of a transient
double ringed state of Φ-EL-chaperonin that exists in the absence of nucleotide. The
DLS data suggests that the transient double ringed state is formed by the back-to-back
stacking of nucleotide free singe rings. Furthermore, this transient state of the
chaperonin is required to expose the ATP binding pockets that were hidden in the Φ-ELchaperonin single rings. The ATP binding to this transient state regains the lost interring contacts and forms the stable double ringed open structure.
A bioinformatic analysis was carried out to further substantiate the novel findings
in the Φ-EL-chaperonin mechanism. The analysis strongly suggests that the Φ-ELchaperonin has evolved from Group I chaperonin with multiple insertions and deletions
in its sequence that is accountable for this novel mechanism of protein folding. In
addition, phylogenetic analysis unveiled that the Φ-EL-chaperonin has evolutionarily
diverged and is distantly related to Group I chaperonins.
The distinctive features of Φ-EL-chaperonin including co-chaperonin independent
ATPase activity, ring-ring dissociation with respect to ATP hydrolysis strongly proposes
a novel mechanism of Φ-EL-chaperonin. Furthermore, the sequential and mechanistic
differences between Φ-EL-chaperonin and Group I chaperonin implies that the Φ-ELchaperonin should be classified into a new chaperonin group.
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Chapter 1

1.1 Introduction

The final step in the expression of genetic information from DNA to protein
involves proper folding of a newly synthesized polypeptide chain into a biologically
active, native three dimensional structure. This process is referred to as protein folding.
Anfinsen and coworkers proposed more than three decades ago that the information
required for protein folding is encoded in its linear sequence and the native
conformation of a protein carries the lowest Gibbs free energy1,2. The importance of the
exact amino acid sequence for defining the native structure of a protein was discovered
when the sequence of hemoglobin gene was subjected to point mutation. This change
in the sequence led to devastating consequences in folding and functions of the
hemoglobin, leading to a disease known as sickle-cell anemia3-5. Diseases such as
cystic fibrosis, the prion diseases, Huntington’s disease, some variants of Parkinson’s
disease, and Amyotrophic lateral sclerosis (ALS) are known to be associated with
mutations in proteins6-12.

1.2 Protein Folding in the Cell

Under proper in vitro conditions, most soluble proteins have the capability to fold
spontaneously into their native states without any additional input of energy1,13-18. In
physiological conditions, that feature a viscous and complex environment, folding of
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nascent polypeptides become challenging19. Defects in both protein folding and quality
control leads to protein misfolding and exposes the hydrophobic surfaces that should
have been buried in the interior of a protein in its native state. These exposed surfaces
in non-native forms associate with one another causing multimolecular aggregation, a
state that carries no biological activity19. Most protein folding transitions are driven by
the hydrophobic effect, where a polypeptide chain tries to fold into a conformation that
minimizes the exposure of hydrophobic side chains to the solvent20,21. This arrangement
in turn minimizes the overall free energy of the protein. The change in the free energy
between the unfolded and folded states of the protein provides the thermodynamic
driving force for protein folding. This change is related to the changes in enthalpy and
entropy of a system and is given by Gibbs free energy (Equation 1.1).

ΔG = ΔH – TΔS
Equation 1.1
ΔG = Gibbs free energy
ΔH = Change in Enthalpy
ΔS = Change in Entropy
T = Absolute Temperature

1.3 Molecular Chaperones and Chaperonins

To some extent the entropy of protein folding pathways are reduced by the action
of special protein molecules known as molecular chaperones and chaperonins.
Molecular chaperones are small protein molecules that play a key role in preventing
polypeptide chains from aggregating with one another during their folding process22-24.
2

Chaperonins are ubiquitous sequence related proteins that self-assemble into a large
barrel like structures that mediate proper folding of nascent and misfolded polypeptides
at the expense of ATP. It was demonstrated that the deletion of the chaperonin gene in
yeast and bacteria is lethal to both the organisms2,25-27. A recent study in humans
showed that hereditary spastic paraplegia spg13 is associated with a mutation in the
mitochondrial chaperonin60 (Mt-cpn60) gene2,28. An exposed hydrophobic surface in
the misfolded proteins is the common feature that is recognized by both the molecular
chaperones and chaperonins.

1.4 Chaperonin Architecture

The presence of chaperonins in all kingdoms of life suggests that there is a clear
advantage of having these conformational “editors” for protein folding19. Structurally,
chaperonins consist of dual-ringed homo or hetero oligomers containing seven to nine
subunits in each ring29-34. Accordingly, each subunit is organized into three separate
domains namely equatorial domain, intermediate domain and apical domain 35-37. The
equatorial domain has a binding pocket for ATP and is responsible for the contacts that
hold the two rings together38-40. The intermediate domain consists of a hinge region that
connects the equatorial domain to the apical domain (see Figure 1.1). The apical
domain is the most flexible region of the chaperonin and is responsible for interacting
with both the substrate protein and a co-chaperonin, if required, through hydrophobic
interactions. The flexibility of the apical domains allows for large conformational
changes that contribute to the opening and closing of the ring cavity39,41,42.

3

Figure 1.1 GroEL tetradecamer and the subunit architecture
a. GroEL consists of two identical seven membered rings that are stacked back-toback in to a cylindrical structure. The folding active ring that binds to GroES is
referred to as the cis-ring, the other ring that is primed to bind ATP in the next
cycle is referred to as trans-ring.
b. Each subunit of the GroEL is composed of three domains: an equatorial domain
with ATP binding pocket maintains connections between the two rings. The
apical domain that interacts with the substrate proteins and also GroES, and an
intermediate domain that connects the equatorial and apical domains.
Figure generated by morphing the X-ray structure of E.coli GroEL (PDBID 1sx3)
using the software CHIMERA43.
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1.5 Two Groups of Chaperonins with Different Mechanisms of Encapsulation

Chaperonins are categorized into either Group I or Group II, primarily based on
the need for a co-chaperonin40,44,45. Group I chaperonins from eubacteria and
endosymbiotic organelles including mitochondria and chloroplasts are homo-oligomers
like GroEL (Gro stands for bacteriophage growth gene E and L stands for large) in E.
Coli with 7 subunits in each ring and require a co-chaperonin GroES (Gro stands for
bacteriophage growth gene E and S stands for small) for its function31,46-50. The Group II
chaperonins found so far are hetero-oligomers with 8 to 9 subunits in each ring and are
found in Archaea (thermosome) and the eukaryotic cytoplasm (TriC)38,46,51-56. While both
groups share similar subunit architecture, a major difference is seen in encapsulating
the substrate proteins34,46,57-59. The Group I chaperonin mediated protein folding
mechanism is considered as a “two-stroke” mechanism, in which only one of the two
rings will be folding a substrate protein while the other ring is primed to fold a separate
substrate protein in next cycle. However, Group II chaperonin mechanism of substrate
encapsulation is not completely known. Additionally, biochemical analysis suggested
that the chaperonin Mt-cpn60 along with its co-chaperonin Mt-cpn10 functions as a
single ring in “one-stroke” manner as opposed to the “two-stroke” mechanism of the
Group I chaperonin60.

5

Table 1.1: Nomenclature of Chaperonins
Generic Name

Abbreviation

Synonyms

Group I Chaperonins
Eubacterial Chaperonin 60
Eubacterial Chaperonin 10

Eu cpn60
Eu cpn10

GroEL (E.coli)
GroES (E.coli) co-chaperonin

Chloroplast Chaperonin 60
Chloroplast Chaperonin 10

Ch cpn60
Ch cpn10

RUBISCO subunit binding protein
Co-chaperonin

Cyt cpn60
Ar cpn60

TriC(TCP-1 ring complex)
CCT (chaperonin containing TCP-1)
TF55 (Thermophilic co-factor 55)
Thermosome

Group II Chaperonins
Cytosolic Chaperonin 60
Archaebacterial Chaperonin 60

1.6 Group I Chaperonin Mechanism

Group I chaperonins are present in bacteria and eukaryotic compartments with
endosymbiotic origin. These chaperonins function in conjunction with a small heptamer
protein complex known as a co-chaperonin. The E. coli GroEL/ES chaperonin system is
the most extensively studied of all the chaperonins. The GroEL is a tetradecamer of 812
kilo Dalton (kDa) in size and the GroES is a small ring-shaped protein complex with
seven identical 10 kDa subunits61-64. During protein folding cycle, a substrate protein is
sequestered by one of the two rings of the GroEL that is in a nucleotide free state
6

followed by binding of seven ATP molecules to the same ring. This conformation of the
chaperonin ring is then sealed by the binding of co-chaperonin GroES65 (see Figure
1.2). The scenario is followed by ATP hydrolysis that creates a folding active
environment for the substrate protein. Simultaneously, the other ring is primed for the
next protein folding cycle. In this way, the Group I chaperonins function as a “two
stroke” motor where the two rings alternate during the reaction cycle.

Figure 1.2 Simplified reaction of protein folding in the GroEL-GroES cavity
A misfolded substrate protein binds to the hydrophobic apical domains of a ring (blue) of
GroEL. Cooperative binding of ATP to the substrate bound GroEL cis-ring induces slight
conformational changes that result in increased affinity for GroES (dome shaped
heptamer in dark blue). Binding of GroES displaces this polypeptide into the large cis
cavity. The substrate protein folds in this sequestered cage during one round of ATP
hydrolysis (~10 s). Binding of other ATP and GroES to the opposite ring triggers the
release of ADP, GroES, and encapsulated polypeptide in either native or intermediate
state. If the polypeptide is still in intermediate state, it is then rapidly rebound by GroEL.
Adapted and modified from Hayer-Hartl et al. (2006)66.
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1.7 Group II Chaperonin Mechanism

The Group I and Group II chaperonins share both sequence identity and
structural similarity. The sequence identity between the chaperonin groups is 15-25%,
which implies that these chaperonins might have evolved independently67-71. There are
a number of differences in Group I and Group II chaperonin characteristics, such as
homo- vs heterooligomeric organization, and the dependence vs independence of a cochaperonin (see Figure 1.4). Group II chaperonins have an insertion in one of the
helices of the apical domains that forms a protrusion from the apical domain (see Figure
1.3). This protrusion forms lid like structure and obviates the need for a cochaperonin38,46. Despite intensive studies on structure and function of bacterial GroEL
chaperonin, little is known about the Group II chaperonin mechanism. Owing to the
absence of sufficient structural information, the current understanding of Group II
chaperonin mechanism is derived from limited cryo-EM and X-ray crystal structures.
The cryo-EM structures include TriC chaperonin from eukaryotic bovine tissue, mmcpn60 from mesophilic methanogenic Achaean Methanococcus maripaludis. The X-ray
crystal structures include thermosome from Thermoplasma acidolhylum, and KS-1from
Methanococcus species in only ADP bound state35,40,72,73.
In the absence of nucleotide, all Group II chaperonins adopt a symmetrically
open conformation and can bind unfolded substrate protein74-79. The binding of ATP
induces conformational changes and close the ring. In TriC and the thermosome, ATP
hydrolysis is required to induce a conformational change during which the apical
protrusions of neighboring subunits assemble into an iris-like β-sheet and that leads to a
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conformational state that supports substrate folding80,81. The current understanding of
the ATPase cycle in Group II chaperonins relies on a collection of isolated
conformational states that need to be interconnected. Detailed analysis of the allosteric
regulation in Group II chaperonins as well as further structural analysis will provide
insight into the relevance of the different conformations during the process of
chaperonin cycle. Further elucidation whether Group II chaperonins function as twostroked molecular machines comparable to the GroEL/ES chaperonin system needs to
be verified56,79,82 (see Figure 1.3).

Figure 1.3: Current Understanding of Group II chaperonin mechanism
The open complex in the absence of a nucleotide binds to an unfolded substrate
through the apical domains and the binding sites in the central cavity (red lines).
ATP binding induces conformational changes in the ring followed by the closure of the
ring.
ATP is hydrolyzed. Folding probably occurs at this stage of the cycle
The inorganic phosphate (Pi) dissociation is likely to trigger reopening of the lid and the
release of folded substrate. The cycle is probably asymmetric but the mechanism that
keeps both rings in different stages of the hydrolytic cycle is unclear. Adopted from
Frydman et al.200435.
9

a.

b.

Figure 1.4: Group I and Group II Chaperonin Architecture in the Folding Active State
a. Side view of Group I chaperonin, GroEL/GroES complex in ADP-bound state47.
b. Side view of the T. acidophilium thermosome in the presence of ATP
analogue40,83. Modified from Horwich AL., et al. 200719.
1.8 Mitochondrial Chaperonin (Mt-cpn60) as a Single-ring

In contrast to the two-stroke mechanism of the bacterial GroEL chaperonin, the
mammalian Mt-cpn60 and chaperonin from Thermoanaerobacter brockii (T.brockii)
functions as a single ring60,84,85. Despite the high conservation of the primary sequence
with Group I chaperonins, Mt-cpn60 and T.brockii GroEL were found to have different
structural and functional properties compared to the bacterial GroEL chaperonin2. The
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Mt-cpn60 along with its co-chaperonin Mt-cpn10 facilitates the folding of RuBisCO
(ribulose-1, 5 bisphosphate carboxylase oxygenase) in an ATP-dependent one-stroke
reaction60,84 (see Figure 1.5). It was also shown that Mt-cpn60/10 chaperonin is fully
functional as a single ring and can substitute GroEL/ES in E.coli and fold bacterial
proteins with equal efficiency84,86. The fact that binding of ATP to one ring in the GroEL
triggers the release of the co-chaperonin and substrate protein from the opposite ring
suggests that a signal is exchanged between the rings via inter-ring communications.
This ring-ring interaction is quintessential in two-stroke mechanism of GroEL/ES.
However, the driving force in the single ring mechanism of chaperonin with respect to
ATP binding and hydrolysis is not completely understood60,83,85.

Figure 1.5: Proposed “One-Stroke” Mechanism of Mt-cpn60
1. Misfolded protein binds to apical domains of the Mt-cpn60 followed by 7ATP
molecules and GroES.
2. ATP hydrolysis creates a productive protein folding environment.
3. The ADP molecule is released along with the substrate protein.
4. The empty single ring now accepts a substrate protein.
Modified from Hayer-Hartl et al. (2006)66.
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1.9 Co-chaperonin genes encoded by bacteriophages

Like bacteria, many bacteriophages such as lambda (λ), T4, and RB49 are
known to use the host chaperonin system during morphogenesis48,58,87. Interestingly,
the Myoviridae phages T4 and RB49 have adopted a sophisticated way of folding their
gene products to better serve their specific needs88,89. Bacteriophage λ requires both
the GroEL and GroES host components for its proliferation while bacteriophages T4 and
RB49 need only the host GroEL to facilitate the folding of the exogenous viral proteins.
Genetic analysis revealed that the phages T4 and RB49 encode gp31 (gene product
31) and CocO (co-chaperonin cognate) respectively that are homologues to GroES in
function89-92. These phage encoded co-chaperonins gp31 and CocO bind to the host
GroEL and form a cavity larger than that of the host GroEL/ES complex89-92. This cavity
is presumably large enough to accommodate large viral capsid proteins. Chaperoninmediated protein folding is therefore required for the proliferation of the Myoviridae
bacteriophages.

1.10 Ambiguity in chaperonin structure and mechanism

In the Group I chaperonin mechanism, ATP binding to the resting trans ring of
GroEL causes dissociation of GroES and ADP from the folding active cis ring. This
suggests that a signal is transmitted from the trans ring to the cis ring via inter-ring
interaction93,94. This ring-ring interaction is important for the release of substrate
polypeptides. In the case of a single-ring mutant of GroEL, SR1, which cannot form a

12

double ringed structure, non-native proteins can be folded in the cage capped by
GroES, but cannot be released 93,95,96. The lack of an allosteric signal from the resting
trans ring prevents the release of bound nucleotide, co-chaperonin and substrate
protein from the cis ring. This therefore leads to a dead end intermediate97. Most
bacterial chaperonins are purified as a double-ring, but chaperonins from mitochondria
and Thermoanaerobacter brockii have been purified as single rings60,98,99. The
mechanism of GroEL has been described as a two-stroke machine93,100. In contrast,
biochemical analysis suggested that mitochondrial chaperonin is fully functional as a
“one-stroke” engine and can even substitute for GroEL/ES in vivo101. This indicates that
interaction between the rings is not essential for chaperonin function. However, the onestroke mechanism of chaperonin is imprecise. Owing to the absence of enough
structural information, the single ring mechanism of chaperonin is unclear. Structural
investigation of one-stroke mechanism is therefore important in unraveling the precise
structural differences between one-stroke and two-stroke mechanisms with respect to
their ATPase activities.

1.11 Bacteriophage EL Overview

The pseudomonas aeruginosa phage EL is a dsDNA phage related to the giant
Φ-KZ-like Myoviridae virus and grows into small irregular plaques on P. aeruginosa
PAO1102. Phage particles are composed of large icosahedral capsid of 140 nm in
diameter and a long contractile tail of 200 nm. The EL genome is about 211,215 bp and
has 201 predicted open reading frames (ORFs)103. The EL genome does not share
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DNA sequence homology with other viruses and micro-organisms sequenced to date.
However, one-third of the predicted EL gene products share similarity with phage Φ-KZ
proteins103. Based on the protein sequence similarity, the EL gp146 was identified as
the first GroEL like chaperonin encoded by a virus (see Figure 1.6)103.

Figure 1.6: Circular representation of the EL genome map
A collection of 1525 sequence reads assembled into a circular DNA sequence of
211,215 base pairs103. A total of 201 ORFs of at least 150bp length were predicted. EL
gp146 (red arrow on the left side) is the first GroEL chaperonin protein identified in a
viral genome.
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Chapter 2

Overview of Microscopy and Single Particle Reconstruction Technique

2.1 Transmission Electron Microscope

The first electron microscope or the transmission electron microscope (TEM) was
co-invented by two German scientists namely Dr. Max Knoll and Dr. Ernst Ruska in
1931104. Dr. Ernst Ruska was jointly awarded Nobel Prize for physics in 1986 for this
invention. The TEM is widely used in structural biology to study three dimensional
structures of biological macro-molecules and viruses. In TEM, the electrons are emitted
by a cathode at the top of the microscope and accelerated by an anode105. The part of
the microscope that generates electrons is sometimes called as electron gun (see
Figure 2.1). The beam is manipulated along the microscope column by electromagnetic
lenses. These lenses are basically coils that surround the column at given locations.
The electromagnetic field emitted by the coils focuses the beam to the center of the
column. Electrons interact with the specimen and are either absorbed, scattered or pass
through the sample105,106. Because different regions of the specimen vary in their
transparency to electrons, different amounts of electrons with charged energy pass
through these regions. At the end of the microscope chamber the electrons are
collected on to a fluorescent or photographic film to generate an image of the specimen.
The beam that reaches the film consists of different amounts of electrons that pass
through the particular region of the specimen. This difference is responsible for the
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contrast in the image107. The structure of a TEM consists of several components
including a high voltage source, a tungsten/LaB6-tipped filament or a FEG (field
emission gun) electron gun, electron accelerator, gun tilt, condenser lenses with
respective aperture, beam tilt and translate coils. Additionally, the TEM is equipped with
a goniometer for tilting the mechanical stage and sample in the x, y and z directions,
coils to electronically shift the image, a series of magnifying projector lenses and
respective beam deflector coils. Also a viewing chamber is located at the bottom of the
microscope with binoculars attached external to the microscope (see Figure 2.1).

Figure 2.1: Schematic of a transmission electron microscope column. Picture adopted
from Dr. Colin’s department of Ophthalmology in the University of Auckland
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2.2 Cryo-Electron Microscope (Cryo-EM) Overview

Cryo-EM is a form of TEM where a very small amount of specimen under
investigation is flash frozen to cryogenic temperature (generally liquid nitrogen
temperature) by quickly dipping the sample holding grid in liquid ethane (see Figure
2.2)108. The frozen grid is kept at liquid nitrogen temperature in the microscope and
images are collected by using low electron dose, usually 1-10 electrons per square
angstrom108,109. By maintaining cryogenic temperature, damage caused by the radiation
can be minimized and the sample is preserved in a non-crystalline close to native
state110. Cryo-EM is complementary to X-ray crystallography and used often when a
protein cannot be crystallized because of its instability or inability to crystallize 111. CryoEM in combination with single particle reconstruction has now become a method to
visualize large, macromolecular assemblies at sub-nanometer and atomic
resolutions112-116.
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Figure 2.2: Schematic representation of cryo-electron microscopy. Sample is embedded
in vitreous ice and images collected appear dark on white background. Picture modified
from The Electron Imaging Center for Nano machines (UCLA).

2.3 Negative Staining

There are properties of biological samples that complicate their study. Biological
matter is for the most part stable only in an aqueous environment. Therefore, by
definition it means that the sample under investigation cannot withstand drying and the
subsequent high vacuum in the column of the TEM. The atoms that biological samples
are made of include Nitrogen, Carbon, and Oxygen which basically have the same
scattering power as the water surrounding the biomolecule. This creates very low
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intrinsic contrast. Furthermore, the biological sample is radiation sensitive, which means
that when inelastic scattering electrons hit the sample, the sample gets ionized
generating radicals that then move around the sample and damage it severely110,117. In
order to avoid such problems the sample is often negatively stained117,118. In this
method the sample is embedded in a low concentration of a salt solution of a heavy
atom like uranium or methyl amine tungstate118-120. The sample is embedded in the
solution and dried to a thin layer and introduced in to the microscope. Because there is
no water, there is no problem with the vacuum. Since the image or the molecular
shadow is generated by the heavy atom stain, there is no problem with radiation
damage. The protein may vaporize but as long as the shadow produces the shape,
images can be captured120. This method produces very high contrast images and is
easy to do (see Figure 2.3). On the other hand artifacts can occur when the stain cannot
penetrate through the sample or the protein may collapse as the sample is blotted on to
the grid. Furthermore, the resolution is generally limited and is in the range of about 1520Å resolution121,122.
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a

b

Figure2.3: Visual difference between a negatively stained micrograph and a cryo-EM
micrograph
a. Cryo-EM image of a chaperonin protein encoded by a bacteriophage EL. The
contrast here is a protein on a background of water. Particles appear dark in
cryo-EM micrographs. Image taken at 50000x magnification
b. Negatively stained TEM image of a bacteriophage EL encoded Φ-EL-chaperonin
protein that is stained with uranyl acetate. Notice that in negative stain, protein
appears white while the stain around it appears dark. Image taken at 100000x
magnification. The dark spots correspond to the granulated stain.

2.4 Cryo-Fixation

This method is used to generate unstained frozen hydrated samples. The sample
is embedded in aqueous solution where water molecules are very quickly frozen such
that they do not have time to reorganize in to a crystal and remain amorphous. This type
of ice is also known as vitreous ice123-125. The sample is therefore frozen very fast,
typically a million degree per second and kept at liquid nitrogen temperature (see Figure
2.4)124. The sample is introduced into the microscope without any evaporation of water
and because of the low temperature, the sample can withstand high vacuum of the
microscope. In this frozen hydrated state, radiation damage is minimized because the
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radicals generated by the inelastic scattering of the electrons cannot move quickly in the
solid ice at nitrogen temperature and so the damage is minimized but not completely
eliminated. Therefore, low dose of electron is still required. Since low dose of electrons
(1-10 e-/Å2) is used the images produces will be of low contrast125. The basic steps
involved in preparing cryo-EM grid are outlined in Figure 2.5. The cryogens used in
cryo-fixation are arranged in table 2.1.

Figure 2.4: Schematic representation of cryo-fixation. Sample is flash-freezed by
dipping the grid in liquid ethane
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Table 2.1: Cryogens used in flash-freezing protein samples
Name

bp 0C

mp 0C

(1 atm)

Cooling

Evaporation

efficiency

rate

Ethane

-88.6

-172

Good

Rapid

Propane

-42.1

-188

Good

Slower

Nitrogen

-196

-210

Poor

Rapid

Figure 2.5: Schematic representation of the steps involved in preparing cryo-EM grid
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2.5 Principle behind generating images of the biological samples using EM

In most cases, the procedure begins with a purified biological sample of interest.
The sample is deposited on the EM grid covered with a thin layer of holy carbon. The
sample is either embedded in a negative stain or in a thin layer of vitrified water (sees
Figure 2.3). The electrons are then projected on to the sample, some electrons pass
through it while some are elastically scattered. The interaction between the scattered
and un-scattered produces the image. Although we begin with a 3D object as the
specimen, we capture the object as a 2D projection. Since we use a low dose to avoid
radiation damage we get low contrast and noisy projections of the sample. These 2D
noisy images are collected and reassembled to generate a three dimensional object in
great detail. This process mainly involves collection of a large number of images of the
molecule in different orientations that are then identified, aligned and averaged to
improve the signal in the images. The relative orientations of the class averages,
especially the Euler angles (Φ, θ and Ψ) are then estimated for each of the class
averages and combined in real space to generate three dimensional maps. The process
is known as the single particle reconstruction technique. The resolution of the final
reconstruction is dependent on the sample homogeneity, symmetry and the dynamics of
the molecule.
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2.6 Single Particle cryo-EM Reconstruction

Over the past decade, the technique of single-particle cryo-EM reconstruction
has been growing rapidly in popularity. The main goal of this technique is to generate a
three dimensional structure of a macromolecule using two-dimensional projections of
the molecule. In this method a large number of micrographs are collected at cryogenic
temperature using TEM. The micrographs are processed through a variety of statistical
and image processing techniques to generate a final three dimensional
reconstruction126-128. There are several software packages available to process cryo-EM
data using single particle reconstruction and other reconstruction techniques128-132.
These include EMAN, SPIDER, Image2000, IMAGIC and many others. The software
package used in this project is known as EMAN (Electron Micrograph Analysis).

2.7 Three Dimensional reconstruction using EMAN

Single particle reconstruction procedure mainly includes three stages. First,
individual particles are interactively extracted from the digital micrographs. The selected
particle images are then processed through a series of alignment programs and
grouped into individual classes based on their orientations. Furthermore, particles within
each class are mutually aligned and averaged into class-averages. A rough low
resolution 3D reconstruction map is then calculated using these class averages
applying a cross common lines algorithm.
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Finally, the preliminary model is iterated through several cycles of refinement
until the data is converged. Additionally, to achieve the maximum possible resolution of
the reconstruction, the contrast transfer function (CTF) correction and amplitude
correction of the microscope need to performed. Proper CTF and envelope function
corrections are very important in achieving desired resolution of the reconstruction.

2.8 CTF and Envelope Function Correction

The images generated by an electron microscope are not true projections of the
specimen. They suffer from inherent artifacts including contrast transfer function (CTF)
and envelope function artifacts that are generated by the microscope 128. In addition,
noise is present from a variety of sources. The CTF in particular can cause serious
artifacts in a 3D reconstruction if not corrected properly. The CTF defines the transfer of
contrast from the sample on the image133. At perfect focus, biological specimens
produce little contrast in vitreous ice. So, images are collected at under focus, which
produces phase contrast but leads to a systematic alteration of the image data. This
alteration is described as the contrast transfer function (CTF). It can be represented as:

Equation 2.1
Ø Cs (the quality of objective lens defined by spherical aberration coefficient)
Ø λ (wave-length defined by accelerating voltage)
Ø Δf (the defocus value)
Ø k (spatial frequency)
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Figure 2.6: Contrast Transfer Function for the Philips CM200 FEG microscope.
The CTF defines the transfer of contrast from the sample on to the image134. Contrast
changes from positive to negative and back repeatedly passing through spatial
resolutions that contain no contrast at all.

CTF modulates the amplitudes and phases of the electron diffraction pattern
formed in the back focal plane of the objective lens. CTF is oscillatory, there are "pass
bands" where it is not equal to zero (good "transmittance") and there are "gaps" where it
is equal to zero (no "transmittance") (see Figure 2.6). When the contrast of the CTF is
negative, positive phase contrast occurs, meaning that atoms will appear dark on a
bright background. When the contrast of the CTF is positive, negative phase contrast
occurs, meaning that atoms will appear bright on a dark background. When it is equal to
zero, there is no contrast (information transfer) for this spatial frequency (resolution).
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Figure 2.7: CTF curves at two different defocus settings.

The oscillations in the CTF curve are dependent on defocus settings (see figure
2.7). The green profile in the figure 2.7 crosses zero at around 1/20 Å where the
information of the sample is completely lost, but the information lost in the green profile
is restored in the red profile that represents the CTF at a different defocus setting133.
Similarly, where the red profile crosses zero at 17 Å, the green profile is strong. Both
profiles may have coincident zeroes (e.g., at ~11.5 Angstroms), so images at other
defocus values can be collected. The contrast inversion of different regions of reciprocal
space and the information lost at CTF zeros can therefore be recovered with different

27

defocus settings. It is imperative that the images contributing to a reconstruction are
collected with varying defocus settings to obtain a complete data set133,135.
The CTF can continue to an infinite spatial frequency however, it is modified by
an envelope function that creates a diminished contrast that eventually dies off. The
effect of the envelope function can be represented as:

Equation 2.2

:

Ø Ec is the temporal coherency envelope (caused by chromatic aberrations,
focal and energy spread, instabilities in the high tension and objective lens)
Ø Ea is spatial coherency envelope (caused by the finite incident beam
convergence)
The CTF in particular can cause serious artifacts in a 3D reconstruction if not
corrected properly. Without CTF correction, the model produced by a reconstruction
may contain significant local mass displacements. The high-resolution data will be lost
without envelop function correction. Furthermore, the structure will be severely distorted
and will be limited to low-resolution without CTF correction128,136-139. If a reconstruction
is to be carried out to a resolution higher than the first zero of the CTF function, CTF
correction must be applied134. CTF correction is performed by flipping the phases by
1800 (i.e. inverting the contrast, see Figure 2.6). This procedure is done by inspecting
the Fourier transform of the image and accurately determining the position of all the
zeroes135.
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2.9 Symmetry

The symmetry information of a macromolecule under investigation is very
important in solving the three dimensional structure due to the averaging power that can
be exploited140. For instance, in the single particle cryo-EM reconstruction technique,
the symmetry of a macromolecule is applied uniformly over the entire macromolecule by
averaging the asymmetric unit of the sample over all symmetry related regions to
generate a better model from the reference images128. The asymmetric unit of a
macromolecule is related to other 3D sub-volumes through symmetry operations such
as cyclical rotations. For a rotationally symmetric particle (symmetry about a point or
axis), applying rotational symmetry yields the 3D object in an identical conformation140.
Many biological macromolecules including proteins have intrinsic rotational symmetries
in their structures.

2.9.1 n-fold rotational symmetry about a point or axis (Cn)

Cyclic (Cn) symmetry occurs when an object is symmetric about a single axis.
The degree of symmetry about the axis is represented as n. If the subunits of a protein
can be superimposed by rotation about a single axis, then the protein has a symmetry
defined by Cn. For instance, the E.coli GroEL subunit in the ATP bound state is related
to other subunits by C7 symmetry and it does not change its shape when rotated by an
angle of 2π/7141.

29

2.9.2 Dihedral Symmetry (Dn)

In dihedral symmetry (Dn), a twofold rotational axis intersects an n-fold axis at
right angles140. The total number of asymmetric units in a Dn symmetric structure is 2n.
An object with Dn symmetry is similar to an object with Cn symmetry in that a rotation
around the n-fold axis of symmetry will yield the object in an identical conformation but
dihedral symmetry has an additional two fold orthogonal to the C rotational
symmetry140,142.

2.10 Preliminary Model generation and Model refinement

The EMAN’s refinement procedure is model based, that is, it requires an initial
3D model to use as a starting point or reference for refinement. A generic common-lines
based model-generating routine is also provided within the EMAN software package.
This routine begins by generating a set of reference-free class averages128. That is,
particles that appear to be similar to one another are grouped together, and then the
particles within each group are mutually aligned and averaged. This generates a class
average for each group, which should represent one characteristic view of the particle.
This routine has several user-defined parameters, which may be adjusted to obtain the
best possible distribution of class averages. Assuming the distribution of particle
orientations is sufficiently diverse, the set of averages will represent most of the
possible particle orientations. Several of these averages are then selected manually for
use in generating a 3D model. A Fourier common-lines routine is used to determine the
relative orientations of all of the selected averages, which are then combined to
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generate a 3D model128. Once the initial model is generated, it is subjected to an
iterative refinement loop until the data has completely converged. True convergence is
achieved when the model remains unchanged for several successive iterations.

2.11 Dynamic Light Scattering

Dynamic Light Scattering or Photon Correlation Spectroscopy is one of the most
popular techniques used in determining the size of particles in suspension143,144. A
monochromatic light beam, such as laser is directed towards a solution with particles in
Brownian motion145. When light hits moving particles, it causes Doppler shift, changing
the wavelength of the incoming light. This shift is directly related to the size of the
particle and creates a size distribution profile of a given particle sample146,147. For
biological experiments, it is best used to characterize the association of protein macromolecules into complexes to distinguish if a protein is a monomer or dimer148,149.
Additionally, this technique is used in measuring several parameters of interest, like
molecular weight (there are better methods), radius of gyration, translational diffusion
constant. However, the analysis might be difficult for non-rigid macromolecules148,150.

2.12 The theory behind DLS

The experiment’s theory is based essentially on two assumptions. The first
condition is that the particles in suspension are in Brownian motion (also called ‘random
walk’). In this situation the probability density function is given by the formula151,152:
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P(r,t|0,0)=(4πDt)-3/2 exp(-r2/4Dt)

Equation 2.3:

D = diffusion constant.
The second assumption is that the particles in suspension are thought to have a
spherical shape. However, if the particles are not spherical in shape, the particle is
covered by a solvation layer and hydrodynamic size of the particle is used to calculate
the probability density function (see Figure 2.8). The diffusion constant is calculated by
the Stoke-Einstein relation using the formula152:
Equation 2.4:

D=kBT/6πηa
Ø
Ø
Ø
Ø

a is the radius of the particle
kB is the Boltzmann constant
T is the temperature in Kelvin
η is the viscosity of the solvent

Figure 2.8: Hydrodynamic size of a particle is the diameter of the spherical solvation
layer that encases a particle.
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2.13 Experimental Setup

The experimental setup is illustrated in the following figure (see Figure 2.9). The
laser passes through a collimator lens and then hits the cell with the solution. The light
is scattered and detected by a photomultiplier that transforms a variation of intensity into
a variation of voltage. This signal is pre-amplified and sent to the computer where the
variation in voltage is transformed in to the particle size distribution 153.

Figure 2.9: Schematic representation of dynamic light scattering
A laser is passed on to a cell with particles in suspension. The scattered light is
detected by photomultiplier and send to the computer to calculate size of the particle.
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2.14 Protein-Ligand Interactions

A molecule that reversibly binds to a protein is known as a ligand. Protein-ligand
interactions are an extremely important field of study in biochemistry. Information on
protein-ligand interactions plays an integral role in the fundamental investigation of
enzymes, cellular receptors, cell signaling, immunology and a myriad of other
macromolecular interactions154.
Protein-ligand interactions can occur between a protein and a small molecule, or
between two proteins or between protein and a DNA or RNA154. The reversible binding
of a protein (P) to a ligand (L) can be described by a simple equilibrium expression:

Equation 2.5
The reaction is characterized by an equilibrium constant, Ka, such that
Equation 2.6

Ka = [PL]/[P][L]
Ka= association constant.

The measure of the affinity of a ligand L for protein P is provided by the K a155.
Proteins interact with ligands mainly through non-covalent interactions including
hydrogen bonding, electrostatic interactions, van der Waals interactions, and
hydrophobic interactions. For instance, electrostatic (ionic) interactions are seen in
protein structural motifs (Rossmann fold) that bind to nucleotides such as NAD and
FMN156. Additionally, ATP binding and hydrolysis in some proteins is associated with
ionic interactions and group transfers. Hydrogen bonding, ionic interactions and
nonpolar interactions (van der Walls interactions) are observed in many antibody34

antigen reactions157. Additionally, hydrogen bonds are commonly observed between the
phosphate backbone of DNA and protein backbone amides158-160. Protein domains such
as PDZ domains are known to interact with ligands via van der Walls interactions 161.
The protein bovine β-lactoglobulin consists of nine β strands that are arranged into a βbarrel and encloses a large cavity lined with hydrophobic residues. This hydrophobic
cavity can accommodate fatty acids and a wide variety of hydrophobic ligands 162.

2.15 Adenosine 5’-triphosphate

Adenosine 5’-triphosphate is a nucleoside triphosphate molecule that carries the
energy necessary to facilitate many processes including cellular metabolism163.
Hydrolysis of ATP provides the chemical energy needed to drive a wide variety of
cellular reactions that if not coupled to ATP hydrolysis would not occur140.

Figure 2.10: The structure of ATP molecule. Adopted from principles of biochemistryLehninger140.
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The structure consists of a purine base (adenine) attached to the 1' carbon atom
of a pentose sugar (ribose).The phosphate group covalently linked at the 5’ hydroxyl of
a ribonucleotide has two additional phosphates attached. Starting from the ribose, the
three phosphates are generally labeled α, β, and γ. The resulting molecule is referred to
as Adenosine 5’-triphosphate140.
The energy released from ATP hydrolysis is accounted for by the structure of
triphosphate group. The bond between the ribose and α phosphate is an ester linkage.
The α-β and β-γ bonds are phosphoanhydride linkages. Hydrolysis of the ester linkage
yields about 14 kJ/mol under standard conditions140. Hydrolysis of each anhydride
yields 30 kJ/mol. Each phosphate group is highly negatively charged. The crowding of
negative charge and resulting charge repulsion in the ATP tail contributes to the
potential energy stored in ATP. In most cases where cellular work is required, only one
phosphate group is removed from ATP, the gamma phosphate. ATP will then have only
two phosphate groups remaining, resulting in a molecule referred to as adenosine
diphosphate or ADP.
Though the hydrolysis of ATP is highly exergonic (DG’°=-30.5kJ/mol), the
molecule is kinetically stable at neutral pH164. The activation energy (Ea) for ATP
hydrolysis is relatively high and therefore requires an enzyme to catalyze the reaction.
Protein machines convert the free energy of adenosine triphosphate (ATP) hydrolysis
into work. ATP-utilizing macromolecules drive muscle contraction, bacterial locomotion,
cell division, intercellular and intracellular transport, genome transcription and many
other processes140,165-167.
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Figure 2.11: Schematic representation of ATP hydrolysis

ATP can interact both covalently and non-covalently with proteins to supply the
energy required to drive the required process168. For example, in kidney cells and brain
cells, the transport of Na+ and K+ across the plasma membrane by Na+/K+-ATPase is
driven by cyclic phosphorylation and dephosphorylation of the transporter protein with
ATP as the phosphoryl group donor168. The ATP binds covalently to the ATPase and
donates a phosphoryl group and induces a conformational change in the protein’s
structure that pumps Na+ across the membrane. The K+ dependent dephosphorylation
of ATPase favors return to the original conformation140,169. The free energy derived from
ATP hydrolysis to ADP and Pi drives the cyclical change in the protein conformation.
Additionally, ATP also binds to a protein non-covalently. In the contractile system of
skeletal muscle cells, myosin and actin transduce the chemical energy of ATP into
motion. ATP binds tightly but non-covalently to one conformation of the myosin, holding
the protein in that conformation140,169,170.
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Chapter 3

Structure Determination of ATP Bound Φ-EL-chaperonin

3.1 Introduction

Chaperonins are dual ringed structures whose cellular role is to assist in the
proper folding of nascent polypeptides via an ATP-dependent mechanism. Recently a
GroEL-like, 860 kilo Dalton chaperonin protein complex was identified and isolated from
the bacteriophage EL, a virus that infects the Gram-negative bacterium Pseudomonas
aeruginosa. The bacteriophage EL contains 201 predicted open reading frames and is
the only known phage that encodes its own chaperonin, named Φ-EL-chaperonin. The
cryo-EM reconstruction of Φ-EL-chaperonin was solved to 7Å resolution in the presence
of ATP. The overall shape of the Φ-EL-chaperonin resembles it’s near sequence-related
bacterial GroEL chaperonin. The major difference is that the ATP bound Φ-ELchaperonin structure is symmetric with both rings in the open conformation, while the
GroEL is asymmetric with one ring open (ATP bound) while the other ring is in the
nucleotide free state. Furthermore, the inter-subunit contacts and intra-ring contacts are
oriented quite differently than those found in the GroEL structure. The structural and
mechanistic differences between the Φ-EL-chaperonin and E. coli GroEL chaperonin
will be discussed in this chapter.
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3.2 Materials and Methods

The Φ-EL-chaperonin protein sample was purified to homogeneity and flash freezed
onto a c-flat grid and viewed under the cryo-electron microscope.

3.2.1 Chaperonin Purification

The Φ-EL-chaperonin was purified from a bacterial lysate prepared from a 2 liter
2xTY culture of BL21 E.coli cells (Invitrogen). The bacterial cells were grown for four
hours at 37°C until they reached an optical density (A600) of 0.8-1.0. Protein expression
was induced with IPTG (isopropyl-beta-D-thiogalactopyranoside) at 30°C for an
additional four hours. The cells were harvested by centrifugation at 10,000 xg for 20
minutes and lysed in 50mM Tris, 10mM EDTA, 1mM PMSF, 0.02% NaN3 buffer pH 7.5,
in conjunction with a treatment of hen egg white lysozyme (Sigma) and multiple
freeze/thaw cycles. The lysate was treated with porcine liver DNase (Sigma) and MgCl2
to a final concentration of 25mM. Ammonium sulfate was added to a final concentration
of 30% v/v and the mixture was incubated on ice for one hour. The precipitated protein
was pelleted by centrifugation and resuspended in 100 mM Tris pH 7.0 with 10mM
Mgcl2. The resuspension was then treated with streptomycin sulfate to a final
concentration of 40% w/v. The precipitated protein was harvested by centrifugation and
resuspended in the aforementioned Tris buffer. The entire sample was aliquoted into
500 uL samples and stored at -80°C. The sample was then applied to Superose 6 sizeexclusion column (GE) that was equilibrated with Tris buffer. Sample homogeneity and
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concentration were analyzed by 10 % SDS-PAGE and BCA assay respectively. The
samples were stored at the final concentration of 11mg/ml in 50 uL aliquots at -80°C.

3.2.2 Cryo-electron microscopy

The data set was recorded on a FEI F20 microscope (FEI, Eindhoven,
Netherlands) operating at 200 kV at the MRC-LMB (Cambridge, UK) by Dr. Ricardo
Bernal. Images were recorded on Kodak SO-163 film at a magnification of 50,000x. The
micrographs were digitized using a KZA scanner at the MRC-LMB (Cambridge, UK) by
Dr. Ricardo Bernal. Individual Φ-EL-chaperonin particles were interactively extracted at
UTEP as 128x128 pixel fields from the digital micrographs using the signature software
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. Full CTF correction was done using the ctfit algorithm of the EMAN software

package 128. A preliminary set of 41,000 particle images were selected from 58
micrographs taken at defocus values between -2.0 and -4.0 µm under focus. The
particles were then grouped into reference-free 2D class averages with the refine2d.py
program of the EMAN software package 128. The program refine2d.py first applies
multivariate statistical analysis followed by K-means classification to the raw particles
128

. This process was repeated for 8 iterations and a total of 300 class averages were

obtained, each containing up to 50 similar particle images. The final resolution of the
ATP bound Φ-EL-chaperonin map was estimated against a Fourier Shell Correlation
(FSC) of 0.5 by the EOTEST algorithm 128.
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3.2.3 Atomic Structure Fitting

The 7Å resolution reconstruction clearly displayed rod-like densities that
correspond to alpha-helices of the chaperonin. Based on the length of the rod-like
densities, X-ray coordinates of idealized alpha-helices were generated separately and
fitted using the program CHIMERA 43.

3.3 Results and Discussion

A purified and homogeneous Φ-EL-chaperonin protein sample was treated with 5mM
ATP and blotted onto cryo-EM grids. The grids are either stored in liquid nitrogen or
viewed under a microscope.

3.3.1 Cryo-EM reconstruction of the Φ-EL-chaperonin in the presence of ATP

The particles in the micrographs were organized in random orientations where
the top views were circular in shape and the side views were rectangular in shape. The
dataset was contrast transfer function (CTF) corrected using the EMAN software suite
128

. The CTF corrected particles were grouped into 200 reference-free class averages

(see Figure 3.1c). A preliminary three-dimensional reconstruction was generated from
the best 50 randomly oriented 2D class averages using the cross-common lines
method. After several hundred cycles of refinement, 11,000 particles out of 41,200 in
the particle data set were used in the final 7 Å reconstruction (see Figure 3.2a). At this
resolution, the secondary structural elements are clearly discernable as is evidence by
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the narrow rod-like formations representative of α-helices. The final resolution was
determined by the cross-correlation of two half datasets and a FSC value of 0.5 (see
Figure 3.2d).

Figure 3.1: Purification, cryo-EM data collection and Image processing of the Φ-ELchaperonin
a. The recombinant Φ-EL-chaperonin was purified from transformed E. coli cells to
homogeneity.
b. An example of the cryo-EM image of the Φ-EL-chaperonin in the ATP bound
state. The image is taken at 50000x magnification. The micrograph displays
different orientations of the chaperonin particles.
c. Top, Side and 450 class average views of the Φ-EL-chaperonin obtained by
averaging 100 similar oriented particles for each view. The box size of the class
averages is 128 Å x128 Å.
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Figure 3.2: The 7 Å resolution reconstruction of the Φ-EL-chaperonin in the ATP bound
state.
a. The top view of the Φ-EL-chaperonin is circular spanning around 143 Å in
diameter.
b. The side view of the chaperonin is cylindrical with 160 Å x 143 Å along the long
and short axis of the ring. The Φ-EL-chaperonin is D7 symmetric with both the
rings in the open conformation.
c. The slabbed view of the hi-EL chaperonin showing the intra ring diameter at the
apical domain region and the equatorial domain region. The inter-ring space
between the two rings is 50 Å.
d. The Φ-EL-chaperonin in the ATP bound state is at 7 Å resolution at 0.5 FSC
cutoff value.
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3.3.2 New Structural Features observed in Φ-EL-chaperonin

In the open conformation, the Φ-EL-chaperonin can be described as a cylindrical
or “barrel-like” structure with D7 symmetry, formed by the back to back stacking of two
identical rings (see Figure 3.2a). During initial refinements of the Φ-EL-chaperonin,
particles in different conformations were computationally separated into two different
datasets that resulted in reconstructions showing C7 and D7 symmetry. After numerous
refinement iterations, the resolution of the D7 reconstruction improved substantially over
that of the C7 reconstruction. The D7 symmetry of the ATP-bound Φ-EL-chaperonin
provides insight into the cooperative nature of the two rings. ATP binding likely occurs
simultaneously in all fourteen subunits in which case both rings function in a
synchronized manner. This event largely contrasts that of E. coli GroEL where ATP
binding to the subunits of one ring hinders the nucleotide binding in the opposite ring as
demonstrated by its C7 symmetry94.
The Φ-EL-chaperonin and the E. coli GroEL share an overall shape and
arrangement of two stacked rings composed of fourteen subunits but differ dramatically
in their conformational states in the presence of ATP. An obvious observable difference
is size. While the asymmetric ATP-bound E. coli GroEL is approximately 150 Å in
length, the Φ-EL-chaperonin is 10Å longer along the long axis (see Figure 3.2). This
increase in size translates into an increase in volume of the Φ-EL-chaperonin internal
cavity. Additionally a widened substrate entry opening is seen in the Φ-EL-chaperonin
that can be attributed to the orientation of the apical and equatorial domains.
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3.3.3 Intra-ring and Inter-ring contacts

There are two types of interactions that appear to be responsible for maintaining
structural integrity in Φ-EL-chaperonin. Intra-ring contacts are seen between all three of
the domains to adjacent subunits within the same ring. Each apical domain is connected
at the distal end of the subunit via a single interaction that functions to decrease the
flanking movements of the apical domain. Each intermediate domain is connected to its
neighboring equivalent via two distinct contacts. When the chaperonin is viewed from
the side one can orient a single subunit such that its apical domain is situated at the top
and the equatorial domain is positioned at the bottom and in contact with a symmetryrelated subunit on the other ring. In this orientation, an intermediate domain contact can
be seen on both sides (right and left) of the subunit with a divergent interaction on the
left that makes contact with two locations on a neighboring subunit (see Figure 3.3 top
right inset).
A second type of interaction involves inter-ring contacts between the two rings.
These contacts are made exclusively via the equatorial domains in which each subunit
connects to two subunits in the opposite ring (see Figure 3.3). One of these interactions
involves the subunit of one ring and its symmetry-related subunit directly across on the
opposite ring. These two subunits share two equatorial contacts that occur near the
external surface of the chaperonin. The two contacts are defined by rod-like densities
that run parallel to the long axis of the chaperonin (see Figure 3.3 lower right inset). A
third contact is made from the subunit of one ring to a second and diagonally located

45

subunit on the opposite ring. This contact occurs away from the surface of the
chaperonin in a slightly more interior location (see Figure 3.3).

Figure 3.3: Structural Integrity of the Φ-EL-chaperonin
Inter-ring and Intra-ring contacts contribute to the structural integrity of the Φ-ELchaperonin. The Intra-ring contacts maintain the connections between the neighboring
subunits in a ring and the Inter-ring contacts connect the two rings at the equatorial ring
region. In the figure, intra-ring contacts connecting the apical domains and the
intermediate domains are colored green. Three inter-ring contacts are identified in the
Φ-EL-chaperonin in the ATP bound state. The subunits from the opposite rings that are
directly across from each other are connected by two densities that are highlighted in
blue. The third contact that connects diagonally related subunits from the opposite rings
is colored in cyan.
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The 7 Å resolution reconstruction presented here reveals unique inter-ring
contacts that further distinguish the Φ-EL-chaperonin from GroEL. At the inter-ring
interface of the Φ-EL-chaperonin, the individual subunits of each ring are bound to
subunits of the symmetry-related ring (see Figure 3.3). By contrast, the subunits of
Group I chaperonins are arranged at the inter-ring interface such that there is a
noticeable interdigitation in which the subunits of the opposing rings are positioned in a
staggered formation. Interestingly, a switch in the inter-ring contacts of GroEL from the
native staggered formation to the in-register alignment has been accomplished through
a E461K point mutation97,172. This large change in the spatial arrangement of the GroEL
subunits is likely the result of the destabilization of salt-bridge interactions at the interring interface. It is worth noting that this substitution is seen to enhance the temperature
sensitivity of GroEL as well as contribute to its ability to dissociate into separate and
functionally inactive rings172. On the contrary, the Φ-EL-chaperonin does not exhibit any
noticeable temperature sensitivity and is functionally active with the in-register subunit
arrangement at the inter-ring interface. This conformation is stabilized by three inter-ring
contacts of which two contacts connect the symmetry-related subunits that are directly
across the ring interface from one another. Interestingly a third inter-ring contact that is
not seen is GroEL, connects the subunits that are positioned diagonally and across from
each other on opposite rings. This strong and discernable interaction may be a
contributing factor to the stabilization of the unique subunit arrangement at the inter-ring
interface.
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Figure 3.4: Organization of Inter-ring contacts in wt. GroEL (PDBID 1xck), GroELE461K
(PDBID: 2eu1) and Φ-EL-chaperonin
In wild type GroEL, each subunit of a ring contacts two subunits on the opposite ring;
the interface is formed by 1:2 subunit interaction. In GroELE461K (2EU1), each
monomer contacts only one monomer of the opposite ring in 1:1 manner. This is due to
the loss of allostery between the rings. In Φ-EL-chaperonin the subunits interact in a
different manner. Three subunits across the ring interface interact in Φ-EL-chaperonin.
These contacts are marked in red. The contact regions between the rings are
highlighted by rectangles.
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3.3.4 The Φ-EL-chaperonin interior cavity

Interestingly, the equatorial domains appear to have a flattened structure that
extends into the interior of the chaperonin at an upward angle while creating a base for
the intermediate domains. There is a noticeable uplift that results in an increased interring gap of 50Å between the equatorial domains of the two rings. This gap is roughly 10
Å larger when compared to that of the asymmetric E. coli GroEL (see Figure 3.4).
Additionally the tip of the apical domain points toward the center of the ring while the
intermediate domain is oriented such that it makes a 45° angle with the equatorial
domain. Furthermore, the equatorial domains of Φ-EL-chaperonin are lifted towards the
center of the cavity, making an angle of 35° with the short axis of the chaperonin (see
Figure 3.5). As a result, the apical domains are pushed away from the center of the
chaperonin that makes for a wider cavity entrance that ultimately allows for the folding
of a larger substrate. By comparison, the equatorial domains of the ATP-bound ring
within the E. coli GroEL are pushed in the direction of the opposite ring which leads to
the inwards tilting of the apical domains towards the center of the chaperonin, resulting
in a smaller substrate entry channel. This revealing structural difference indicates that
the Φ-EL-chaperonin-encoded chaperonin can potentially accommodate the folding of
larger substrates that cannot be folded by the host chaperonin system. This notion is
supported by recent cryo-EM results with the E. coli GroEL that show the apical
domains peeling away from the center of the chaperonin to accommodate the binding of
the large substrate glutamine synthetase173.
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Figure 3.5: Inter-ring space difference between the ATP-GroEL and ATP-Φ-ELchaperonin
a. ATP-Φ-EL-chaperonin: At physiological conditions, only one of the two rings
of the GroEL is liganded and the other ring is primed to bind ATP in the next
cycle.
b. ATP-GroEL: Both the rings in the Φ-EL-chaperonin are bound to ATP. This
caused a difference in the inter-ring region. The ATP-GroEL has 40 Å interring space while the Φ-EL-chaperonin has 50 Å inter-ring space.

3.3.5 X-ray Coordinate fitting

Both the liganded and un-liganded crystal structures of the GroEL from E. coli,
were fit into the Φ-EL-chaperonin reconstruction for a structural comparison. Initially, the
cryo-EM map of the Φ-EL-chaperonin was determined to be of opposite hand when
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compared to the GroEL X-ray structure. The handedness of the EM reconstruction was
flipped to allow for the fitting of the X-ray coordinates. The AUTOFIT command within
the CHIMERA suite 43 was used to perform a rigid body fit of both the liganded and unliganded coordinates into the cryo-EM reconstruction. This resulted in at least 65% of
the coordinates fitting outside of the EM density. In both cases, the symmetry difference
between the C7 GroEL chaperonin and the D7 Φ-EL-chaperonin accounted for the poor
fit. In order to identify differences in the domain orientations between the Φ-ELchaperonin and the variable conformations of the E.coli GroEL, the EM density was fit
with the X-ray coordinates of a single GroEL subunit in both the liganded and unliganded conformations (see Figure 3.6). The largest differences in the domain
orientations were seen in the apical and the equatorial domains. When the liganded
GroEL subunit coordinates were fit in the Φ-EL-chaperonin density, the apical domain
was noticeably out of density while the equatorial domain was shifted towards the interring space. The apical domain of the GroEL chaperonin swings out radially with a 45 0
angular twist from the un-liganded conformation to the liganded conformation. The ΦEL-chaperonin, however, does not show the angular twist seen in GroEL and apparently
swings directly out and away from the center of the ring. It is worth noting that the
coordinates for the un-liganded GroEL subunit fit the general shape of the Φ-ELchaperonin density better than the liganded coordinates if the apical domain were to
swing out directly from the center of the ring.
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Figure 3.6: X-ray coordinate fitting of the liganded and un-liganded subunits of the E.coli
GroEL in to the Φ-EL-chaperonin
Both the liganded and un-liganded coordinates of the GroEL co-ordinates were fitted in
to the Φ-EL-chaperonin map to understand the orientation of the Φ-EL-chaperonin
subunit architecture in the ATP bound state. While the symmetry differences between
the Φ-EL-chaperonin and the GroEL gave a poor fit, we fitted single subunit coordinates
of the GroEL in to the Φ-EL-chaperonin subunit map.
a. The subunit of the liganded GroEL is fitted in to the liganded Φ-EL-chaperonin.
The equatorial domain of the GroEL is oriented away from the center of the
ring while the Φ-EL-chaperonin equatorial domain is oriented towards the
interior of the ring. Furthermore, the apical domain of the GroEL is completely
out of the Φ-EL-chaperonin density.
b. The subunit of the un-liganded GroEL is oriented such that the apical domain
is oriented more towards the ring cavity and could not provide a good fit with
Φ-EL-chaperonin apical domain. The equatorial domain of the Φ-ELchaperonin was fitted in the un-liganded GroEL subunit better than the
liganded GroEL subunit..
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3.3.6 Φ-EL-chaperonin is co-chaperonin independent

Another important aspect of the Φ-EL-chaperonin is that it does not require a cochaperonin such as the bacterial GroES for its functioning. This was verified upon
infecting the host P. aeruginosa with the Φ-EL-chaperonin phage (data not published).
The cell lysate was analyzed by SDS-PAGE and it was shown that the Φ-EL-chaperonin
did not utilize GroES from the host. Furthermore, no GroES like gene was identified in
the phage genome. This largely contrasts other Myoviridae phages, such as T4, which
utilizes the host GroEL while using its own co-chaperonin (gp31)174. In order to verify
the ATPase activity of Φ-EL-chaperonin with respect to the need of a co-chaperonin, the
Φ-EL-chaperonin was incubated in 2mM ADP and cryo-EM data was collected.
Interestingly the reconstruction resulted large conformational changes in the presence
of ADP, suggesting that Φ-EL-chaperonin hydrolyses ATP to ADP without any need for
a co-chaperonin.
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Chapter 4

Consequences of ATP hydrolysis on the Structure and Mechanism of Φ-ELchaperonin

4.1 Introduction

The electron microscopy revealed an unprecedented single ring conformation of
the Φ-EL-chaperonin in the presence of ADP. In our initial cryo-EM experiments of the
Φ-EL-chaperonin in the absence of nucleotide in the sample, electron microscopic
images showcased dynamic equilibrium between heptameric single rings and
tetradecameric double rings. However, homogenous double ringed structures were
favored in the presence of ATP and single ringed heptamers in the presence of ADP.
This heterogeneity in the chaperonin structure was observed in the absence of a cochaperonin, revealing that the Φ-EL-chaperonin do not require a co-chaperonin for its
function. However, in the case of GroEL, only a double ring form was observed along
with a co-chaperonin GroES at physiological conditions. This implies that the Φ-ELchaperonin might have a specific feature in the inter-ring interaction that plays a
prominent role in driving the protein folding cycle by separating chaperonin equatorially
into single rings. The three dimensional structural information of GroEL in different
conformational states and reaction intermediates are available by cryo-EM and X-ray
crystallography. Here we report 9Å resolution cryo-EM reconstruction of the Φ-ELchaperonin as the first three dimensional structure of a viral chaperonin and discuss the
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structural significance of the chaperonin that dissociates into single rings. Additionally,
dynamic light scattering experiments established the existence of a transient double
ringed structure in the absence of any nucleotide in the sample. Interestingly, this
nucleotide-free double ringed state of the Φ-EL-chaperonin is very unstable and drives
the formation of homogenous double ringed open structures with the addition of ATP.
The transition between single and double ring states of the bacteriophage Φ-ELchaperonin suggest a novel protein folding mechanism.

4.2 Materials and Methods

The Φ-EL-chaperonin protein sample was purified to homogeneity and flash freezed
onto a c-flat grid and viewed under the cryo-electron microscope.

4.2.1 Chaperonin Purification

The Φ-EL-chaperonin was purified from bacterial lysates using the procedure
explained in materials and methods section of chapter 3. The only difference here is
that the chaperonin was incubated with ADP and MgCl2 to induce a conformational
change into the single ring structure that mimics the ATP hydrolyzed state.

4.2.2 Cryo-EM grid preparation

For cryo-EM, the chaperonin sample containing 50mM Tris-HCl, 25 mM MgCl2
and 5mM ADP, pH 7.5 was diluted to a final concentration of 4 mg/mL. Using fresh
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glow-discharged quantifoil grids, 3 µL of sample was blotted for 2.5 sec before being
submerged in liquid ethane. All grids were prepared using a manual vitrification device.
Frozen grids were stored in liquid nitrogen until insertion into the microscope column in
a Gatan cryo-specimen holder. Images were collected on the FEI F20 cryo-electron
microscope (Purdue University) by Dr. Ricardo Bernal. The sample was imaged on SO163 film at 50,000x magnification with a power of 200 km, and a defocus of 2.0 µm. The
film was developed and scanned into a digital format using a Nikon scanner at 2.0
Å/pixel.

4.2.3 Negative-stain EM grid preparation

For negatively-stained transmission EM, protein sample was diluted to a final
concentration of 0.05 mg/mL in a 50mM Tris-HCl, 25 mM MgCl2 and pH 7.5 without any
nucleotide in the sample. The protein sample was adsorbed onto carbon coated cu300
EM mesh grids and stained with 2% methyl amine tungstate. The EM data was
collected on a Hitachi-7650 TEM and at 60000x magnification (New Mexico State
University).

4.2.4 Image processing

Individual Φ-EL-chaperonin particles were interactively extracted as 160x160
pixel fields from the digital micrographs using the boxer program of EMAN software
suite. Full CTF correction was done using the ctfit algorithm of the EMAN software
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package 128. A preliminary set of 19,000 particle images were picked from 58
micrographs taken at defocus values between -2.0 and -4.0 µm under focus. The
particles were then grouped into reference-free 2D class averages with the refine2d.py
program of the EMAN software package 128. The program refine2d.py first applies
multivariate statistical analysis followed by K-means classification to the raw particles
128

. This process was repeated for 8 iterations and a total of 300 class averages were

generated, each containing up to 50 similar particle images. The final reconstruction of
the Φ-EL-chaperonin was generated from the 8000 most ordered and high quality
particles. The reconstruction was refined to a final resolution of 9Å. The resolution was
measured at a FSC cut-off value of 0.5 using the EOTEST EMAN algorithm 128.

4.2.5 Dynamic Light Scattering Experiments

The average hydrodynamic radii of Φ-EL-chaperonin particles in the presence of
nucleotides ATP, ADP, and in the absence of nucleotide were determined using
dynamic light scattering experiments. Parameters of dynamic light scattering were
determined at 25°C after dissolving homogenous protein sample in 50 mM Tris buffer,
pH 7.5, containing 2 mM nucleotide (ATP or ADP). The experiments were performed
using Zetasizer Nano device (Malvern Instruments, Great Britain) allowing
measurements in the range of 0.6–6000nm.
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4.2.6 EDTA-NaCl treatment to remove bound nucleotide

In order to obtain a homogenous nucleotide free or apo-Φ-EL chaperonin, the
purified Φ-EL chaperonin protein sample was incubated with 500mM EDTA and 1M
NaCl. The ATP molecule is highly negatively charged and exists as ATP-4. The
negatively charged phosphoryl groups undergo large electrostatic repulsions with each
other, creating potential energy140. To stabilize the repulsions in the molecule, ATP is
stabilized by a magnesium ion and partially shields the negative charges of the
phosphoryl groups125. At physiological conditions, ATP exists as MgATP2-.

Figure 4.1: Structure of ATP-Mg and Metal-EDTA complex.

EDTA (Ethylenediaminetetraacetic acid) is a strong metal ion chelating agent that
has the ability to "sequester" metal ions such as Mg2+, Ca2+, Fe3+, etc., After being
bound by EDTA, metal ions remain in solution but exhibit diminished reactivity. It was
decided to add 500mM EDTA to the chaperonin sample to chelate Mg2+ bound to ATP
or ADP. The nucleotide molecules after losing its co-factor (Mg+2), becomes highly
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unstable holding the electrostatic repulsion between the negatively charged oxygens.
However, the ATP is still bound to the protein. Addition of salt (NaCl) increases the ionic
strength of the medium. The electrostatic interactions of the medium are now stronger
than the electrostatic interactions between the protein and the nucleotide molecule
which cause the ATP to elute from the ATP binding pocket.

4.3 Results and Discussion

The ATP bound state of the Φ-EL-chaperonin carries an apparent seven fold
rotational symmetry with both rings wide open. Since ATP hydrolysis drives the protein
folding mechanism of the GroEL/ES system175, it was decided to study the structure of
the Φ-EL-chaperonin in the ATP hydrolyzed (ADP bound) state. To mimic ATP
hydrolysis, 2mM ADP was added to the chaperonin sample and cryo-EM data was
collected. Interestingly, the ADP bound state of the Φ-EL-chaperonin is a single ring as
opposed to the bullet shape of the GroEL/ES chaperonin. The unique single ring
structure of the Φ-EL-chaperonin suggests that ATP hydrolysis weakens inter-ring
interactions, dissociating the chaperonin into two separate single rings.

4.3.1 Cryo-EM reconstruction of the Φ-EL-chaperonin in the ADP bound state

Isometric particles of the cryogenically frozen chaperonin particles in the ADP
bound state exhibit a distorted circular shape on micrographs (see Figure 4.2). A low
resolution ab initio starting model was generated from the class averages using cross-
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common lines program of the EMAN software suite. After a series of refinement
iterations, a total of 8000 most ordered particles were used in the final reconstruction
that is refined to 9Å resolution with full CTF correction (see Figure 4.2).

Figure 4.2: Purification, cyro-EM data collection and Image processing of the Φ-ELchaperonin
a. The recombinant Φ-EL-chaperonin was purified from transformed E. coli cells to
homogeneity.
b. Individual Φ-EL-chaperonin particles in the ADP bound state are boxed out
using EMAN software package using 128 as box size. The particles appear
spherical in all orientations. The images were taken at 50000x magnification.
c. The odd numbered columns represents projections of a cryo-EM density map of
the Φ-EL-chaperonin map and even numbered columns represent class
averages of the particle dataset that are more likely to the adjacent projections.
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4.3.2 Overall structure of ADP bound Φ-EL-chaperonin

The heptameric ring of the Φ-EL-chaperonin in the presence of ADP arranged
into a distorted spherical shape with an apparent seven fold (C7) rotational symmetry.
The symmetry of the Φ-EL-chaperonin confirms that the reconstruction is actually a
heptamer rather than a tetradecamer. The Φ-EL-chaperonin self assembles in to an
apparent seven fold dihedral symmetry (D7) in the presence of ATP. This symmetry
mismatch at the initial stages of reconstruction revealed that the ADP bound state of the
Φ-EL-chaperonin is a single ring and that this conformation is formed without a cochaperonin. The reconstruction of Φ-EL-chaperonin in ADP bound state measures
roughly 140Å in all directions (see Figure 4.3). A peculiar and striking feature is a small
hole on one end of the chaperonin and a completely sealed off end on the opposite
side. The seal appears like a circular cap that measures 35Å in diameter and appears to
be formed by the fusion of apical domains. Additionally, the equatorial domain drops
away from the center of the ring creating a substantial chamber inside the ring that
measure about 100Å in diameter. This conformation has an approximate cavity volume
of 300,000 Å3 and can accommodate nearly 86 KDa substrate protein176.
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Figure 4.3: The 9Å resolution cryo-EM reconstruction of Φ-EL-chaperonin in ADP bound
state
a. Top view of Φ-EL-chaperonin is spherical spanning about 140 Å in diameter.
b. Side view of the Φ-EL-chaperonin spans about 140 Å x 140 Å along the long
and short axis of the ring. The Φ-EL-chaperonin possesses C7 symmetric with
top view completely closed and a small opening at the bottom view in the ADP
bound state.
c. The Bottom view of the Φ-EL-chaperonin with a small opening that measures
about 35Å diameter.
d. The Φ-EL-chaperonin in ADP bound state is solved to 9 Å resolution at 0.5 FSC
cutoff value.
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Figure 4.4: Structural comparison between the ATP-Φ-EL-chaperonin and ADP-Φ-ELchaperonin
The top five structures represent Φ-EL-chaperonin in the presence of ATP. The Φ-ELchaperonin dissociates itself into two heptamer rings that then attain a closed
conformation. The bottom five structures are Φ-EL-chaperonin in the presence of ADP.
The single ring conformation of the Φ-EL-chaperonin encases huge cavity that can
presumably accommodate a large viral protein that cannot be folded by the host
chaperonin system.

4.3.3 Transient Double ring state of Φ-EL-chaperonin

The cryo-EM reconstruction of Φ-EL-chaperonin in the presence of ATP yielded
double ringed structure and in the presence of ADP yielded single ringed structure. It
therefore leaves a question of how the separated rings stack back to regenerate open
conformation. One proposition was to study the structure of the Φ-EL-chaperonin in the
absence of any nucleotide in the sample. Structural investigation of Φ-EL-chaperonin in
the absence of nucleotide yielded a double ringed structure that appears to form by the
back to back stacking of single rings. However, this state of the chaperonin exhibited
instability in its structure and formed a mixture of single and double rings. Therefore a
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structural investigation of such a transient state of Φ-EL-chaperonin was difficult to
accomplish.
An alternative to a structural investigation of the transient double ring was to
study the dynamics of Φ-EL-chaperonin with respect to ATPase activity using dynamic
light scattering experiments. To construct a size distribution profile of the Φ-ELchaperonin in different conformational states associated with its ATPase activity,
dynamic light scattering experiments of the chaperonin sample with and without
nucleotide was executed (see Figure 4.5). As observed in our experiments,
preparations of the chaperonin Φ-EL-chaperonin complexed with a 2mM ADP exhibited
an average hydrodynamic size of (10.5 nm, see Figure 4.5a). This size corresponds to
the single ring Φ-EL-chaperonin structure. This size also correlates with the cryo-EM
reconstruction of the ADP bound Φ-EL-chaperonin (see Figure 4.3).
In order to favor the formation of transient double ringed state, the ADP bound
chaperonin sample was incubated with 500mM EDTA and 1M NaCl to remove bound
ADP from the chaperonin single rings. Interestingly, two different peaks were observed
in the range of (10.5 nm and 16.0 nm). The smallest peak corresponds to ADP bound
single rings, while the other peak confirms the presence of the transient double ringed
structures. This peak however was not very stable suggesting the uncertainty in the
structure. Noteworthy that large peak was observed only in the absence of a nucleotide
in the sample.
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Figure 4.5: The particle size distribution in the preparations of Φ-EL-chaperonin in the
presence and absence of nucleotide determined by dynamic light scattering analysis
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4.3.4 Structural similarity between single ring Φ-EL-chaperonin and single ring
GroEL mutant SR398

The cryo-EM reconstruction of Φ-EL-chaperonin in the presence of ADP
exhibited structural similarities to E.coli GroEL that was subjected to D398A point
mutation49. The SR398 mutant in the presence of GroES and Mg-ATP exhibited ringring dissociation encasing a large folding cavity within the folding active ring. The cavity
volume is ~80% larger than the cis ring of the equivalent GroEL-ES-(ADP) structure.
Structural and biochemical analysis suggests that the expanded conformation of SR398
can accommodate a large 86 KDa αβ-heterodimer complex47,176,177. This increase in the
volume was associated with minor conformational changes that switched the overall
structure to an ellipsoidal shape. However, the expanded SR398 structure was highly
heterogeneous in its structure and exhibited multiple conformations with reduced
ATPase activity. Interestingly, the Φ-EL-chaperonin in the presence of ADP did not
exhibit such conformational flexibility and revealed a large cavity that could presumably
encapsulate a large viral protein that possibly will not be folded by the host chaperonin
system (see Figure 4.6). Another striking comparison between single ring Φ-ELchaperonins and SR-398 structures is that the large cavity formed inside the SR398 is
associated with GroES but Φ-EL-chaperonin is a single ring heptamer without a cochaperonin.
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Figure 4.6: Structural comparison between Φ-EL-chaperonin and GroEL single ring
mutant SR398
The top five structures represent Φ-EL-chaperonin in the presence of ADP. The Φ-ELchaperonin dissociates itself into two heptamer rings that then attain a closed
conformation. The bottom five structures are from a single ring GroEL mutant SR398.
The mutation resulted in the expansion of the cavity that can presumably accommodate
an 86 KDa substrate protein176.
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Chapter 5

Bioinformatic analysis of Φ-EL-chaperonin

5.1 Introduction

Location of an amino acid in a particular position is essential for a protein’s
structure and function and the residue locations are conserved over a broad
evolutionary range. Freely variable regions of a protein family are generally
nonfunctional. Significant sequence variations often reflect on functional differentiation
in response to specific environments178. The Φ-EL-chaperonin, though it belongs to an
HSP60 family, shares little sequence identity. The low sequence identity and lower
conservation in residues suggest that the insertions and deletions in the sequence may
contribute to the variations in the functional properties of Φ-EL-chaperonin. A
bioinformatic analysis including, secondary structure prediction, multiple sequence
alignment, phylogenetic tree construction, domain prediction was executed using a
number of software packages developed recently. Our analysis of Φ-EL-chaperonin
provided a great deal of information supporting the proposed novel protein folding
mechanism of the Φ-EL-chaperonin.
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5.2 Materials and Methods

Bioinformatics provide a great deal of information from the primary sequence of a
protein macromolecule. To substantiate the novel findings from the cryo-EM
investigation sequence analysis was carried out.

5.2.1 Psi-Blast

Position-Specific Iterated (Psi)-BLAST is a very sensitive BLAST program useful
for finding proteins that are very distantly related. More promising homologues from the
many candidate proteins can be obtained by Psi-Blast. Structural and functional
information between protein homologues can be found by comparing their three
dimensional structures. When such structural information is not available, patterns of
conservation identified from the alignment of related sequences can aid recognition of
distant similarities. The procedure of Psi-blast is as follows: The Φ-EL-chaperonin
sequence was used as the query in Psi-blast and executed to compare the sequence
against the complete protein database, using the gapped BLAST program. The program
then computes an inbuilt multiple sequence alignment, and creates a profile that is
iterated multiple times until the alignment has converged.

5.2.2 ClustalW

This is a general purpose multiple alignment program for DNA or proteins. It
produces biologically meaningful multiple alignments of divergent sequences. It
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calculates the best match for the selected sequences and lines them up so that the
identities, similarities and differences can be seen. A pairwise score is calculated
between Φ-EL-chaperonin, Mt-cpn60, E.coli GroEL and P.denitrificans GroEL. Pairwise
scores were calculated by dividing the number of identities in the best alignment by the
number of residues compared (gap positions are excluded). The various sequences to
be compared were submitted, each being separated with a ‘>’ sign. The aligned
sequences were retrieved from the web browser as an html file.

5.2.3 Protein Secondary Structure Prediction

The Φ-EL-chaperonin shares little sequence identity with homologues proteins.
Therefore a number of secondary structure prediction servers including Jpred, Porter,
Psi-Pred, and SOPMA were utilized to accurately predict secondary structural elements
in Φ-EL-chaperonin179-182.

5.2.4 Phylogenetic Analysis

In order to find protein sequences that are related to Φ-EL-chaperonin, a PsiBlast search was executed183. Psi-Blast combines the Smith-Waterman search
algorithm with the Psi-Blast profile construction strategy to find related protein
sequences. Searches were done with SSEARCH, and the selected hits were combined
with BLASTPGP to build a position specific scoring matrix (PSSM) which is then used
for another search with SSEARCH in the next iteration. Two iterations of the Psi-Blast
search were performed to find the related proteins with an e value of 0.0, similarity
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greater that 25% and gaps no greater than 11%. Results revealed some regions of the
protein that were highly conserved. Most of the resultant proteins were chaperone like
proteins which is in line with the putative function of the query protein. Twelve
sequences from different organisms mainly from bacteria were retrieved from the
protein database, using the accession numbers provided by the Psi-Blast hits. A
multiple sequence alignment of these sequences was done using ClustalW and
constructed a phylogenetic tree using neighbor-joining method using the server
GBLOCKS184,185. The tree shows that the query protein although exhibit functional
similarity, it is distantly related to other proteins.

5.3 Results and Discussion

A primary sequence comparison between the Φ-EL-chaperonin and other
available bacterial GroEL chaperonin sequences was performed to elucidate the
structural differences that were observed between Φ-EL-chaperonin and GroEL.

5.3.1 Primary sequence analysis and secondary structure prediction

A single Φ-EL-chaperonin subunit has 558 residues and shows 25% primary
sequence identity with the 547 residue E.coli GroEL subunit94. Protein domain
prediction server, DOMAC was used to characterize the boundaries of the equatorial,
intermediate and apical domains of the Φ-EL-chaperonin subunits 186. The equatorial
domain was predicted to contain residues 1-132 and 420-558, occupying a total of 270
residues. The intermediate domain was predicted to include residues 133-186 and 38972

419 for a total of 83 residues and the apical domain consists of residues 187 to 388 for
a total of 201 residues. The orientation and size of these domain boundaries is
drastically different when compared to GroEL. By comparison, the equatorial domain of
GroEL is composed of residues 6-133 and 409-523 for a total of 243 residues. The
intermediate domain ranges from residues 134 to 190 and 377 to 408 for a total of 87
residues while the apical domain is made up of residues 191 through 376 for a total of
185 residues (table 3.1). The increase in the size of the equatorial and apical domains
of the Φ-EL-chaperonin likely accounts for increase in the overall dimensions compared
to the dimensions of the GroEL. A secondary structure prediction of the Φ-ELchaperonin was also executed to characterize the well-resolved structural elements of
the 7Å reconstruction. The prediction yielded 18 distinct helices per subunit which
confirms the 16 rod-like densities that were seen in the ATP bound Φ-EL-chaperonin
reconstruction. Of the 18 predicted helices, 10 were found to be present in the
equatorial domain, 5 were found in the apical domain and 3 helices were found at the
intermediate domain. The structural organization of these features was further revealed
upon fitting the 16 rod-like densities with idealized helices (see Figure 5.1).

Table 3.1: Differences in the individual domain lengths between Φ-EL-chaperonin and
E.coli GroEL
Domain Name

Φ-EL-chaperonin

E.coli GroEL

Apical domain

187 to 388

191 to 376

Intermediate domain

133-186 and 389-419

134 to 190 and 377 to 408

Equatorial domain

1-132 and 420-558

6-133 and 409-523
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Figure 5.1: Secondary structure prediction and X-ray coordinate fitting
The 7Å resolution cryo-EM map of the Φ-EL-chaperonin displays helical skeletons (rod
like densities) clearly in the individual domains. Secondary structure prediction was
done to identify the helical content of the chaperonin. The helices obtained from the
secondary structure prediction were fitted in to the individual domains. A total of 16
helices were predicted and accurately fitted in to the individual domains. The fitting of
helices in the equatorial ring region and the individual subunit are shown. The colors of
the helices in the subunit are matched with the predicted helices.
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5.3.2 Sequence Alignment between Φ-EL-chaperonin and E.coli GroEL - Highly
conserved residues

The impressive evolutionary conservation of most of the residues between Φ-ELchaperonin and GroEL relate to ATP/ADP and Mg+2 binding sites (see Figure 5.2).
Hydrophobic/aromatic residues that contribute in substrate binding were also
significantly conserved47,93. The glycine triplet ‘428-GGG-430’ is another highly
conserved region in Φ-EL-chaperonin that is known to bind to ATP/ADP cofactor and
maintain conformational flexibility in GroEL60,64. An interesting observation made with
the nucleotide binding residues is the residue T at position 91. This position is
downstream from the highly conserved GDGTTT phosphate-binding loop motif.
Interestingly, this position is occupied by A in nearly all Group I chaperonins178,187. It’s
worth noting that a point mutation A91T in GroEL actually triggered ring dissociation.
Apparently, this mutant is fully functional as a single ring 187. The switch at this position
from an A to T in the ATP/ADP binding pocket suggests that this mutation might
contribute to modulating the coupling mechanism of ATP binding and hydrolysis with
ring-ring stacking and substrate release.

5.3.3 Residues Involved in Substrate binding

Substrate binding positions are highly conserved in Group I chaperonins. Among
the highly conserved substrate binding positions, hydrophobic/aromatic residues such
as Y199, Y203, F204, L234,L237, L259 andV263 are prominent as mutation in this
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residues diminished substrate binding capacity of the GroEL chaperonin 178. In Φ-ELchaperonin majority of these residues are conserved while some residues including
Y203, L234, L237, L259 were replaced with amino acids with similar biochemical
properties such as W, I, V, N, M respectively. This finding reveals that the Φ-ELchaperonin essentially interacts with substrate through hydrophobic interactions.

5.3.4 Inter-ring interactions in Φ-EL-chaperonin

Structural and functional properties of a protein are often defined by the position
of a highly conserved amino acid residue in the sequence. Non-functional regions in a
protein are usually prone to amino acid variability. Amino acid substitutions in a highly
conserved structural and functional domain correspond to a requirement for the survival
of a species in that particular environment. Seven residues are found to participate in
the allosteric interactions between the heptamers in GroEL during its ATPase activity.
The allostery between the GroEL rings is maintained by the salt bridges between E461R452, K105-E43431,178. From the sequence alignment we could conclude that these
residues are switched from E461-H, R452-E, and E434-K. Additionally, S463 and V464
which are also known to participate in ring-ring interaction in GroEL are also replaced in
Φ-EL-chaperonin. Biochemical analysis suggested that mutagenesis of these residues
in E. coli GroEL produced single ring mutants that promoted protein folding. These
findings therefore suggest that allostery is not quintessential in driving the protein
folding cycle in chaperonin96,178. Furthermore, the negatively charged D435, Q436 and
positively charged R468 that contribute to ring-ring interactions in GroEL were also
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conserved in Φ-EL-chaperonin. However, the hydrophobic residue V464 in GroEL is
replaced with similar residue L in Φ-EL-chaperonin suggesting that the inter-ring
interactions are maintained only by the hydrophobic interactions and charge-charge
interactions94,178. These findings suggest that the Φ-EL-chaperonin might have evolved
from GroEL with multiple insertions and deletions in its sequence while preserving the
highly important residues that contribute to structural stability and functional importance.
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Sequence alignment between E.coli GroEL and Φ-EL-chaperonin
E.coli GroEL
Φ-EL-chap

-AAKDVKFGNDAGVKMLRGVNVLADAVKVTLGPKGRNVVLDKSFGAPTIT 49
MSQTLLVHGKDAQGIIKQVLSEVYDAVTSTMGPNGQLVMIKNGVST-KTT 49
: . : .*:**
: : :. : ***. *:**:*: *::.:...: . *

E.coli GroEL
Φ-EL-chap

KDGVSVAREIELEDKFENMGAQMVKEVASKANDAAGDGTTTATVLAQAII 99
KDGVTVARSIRFADEAHELVNRVITEPATKTDEECGDGTTTTIMLTHALY 99
****:***.*.: *: .:: :::.* *:*::: .******: :*::*:

E.coli GroEL
Φ-EL-chap

TEGLKAVAAGMNPMDLKRGIDKAVTVAVEELKALSVPCS-DSKAIAQVGT 148
-----HLFKDFPGFQHHRNIEDLVERVIQRLESMAIRVEVDDPRLYQVAL 144
: .: :: :*.*:. * .::.*::::: . *. : **.

E.coli GroEL
Φ-EL-chap

ISANSDETVGKLIAEAMDK-VGKEGVITVEDGTGLQDELDVVEGMQFDRG 197
TSSNQDEKLARLVSELYANNKGSYPDIELKEGVNFEDQIEQTTGRTIRMF 194
*:*.**.:.:*::*
: *.
* :::*..::*::: . * :

E.coli GroEL
Φ-EL-chap

YLSPYFINKPETGAVELESPFILLADKKISN--IREMLPVLEAVAKAGK- 244
YANPWFAKGHQGGVTELTGFTAFVIDRRIDKEDTQKLIDGVNHLVKTHKQ 244
* .*:* : : *..** .
:: *::*.:
:::: :: :.*: *

E.coli GroEL
Φ-EL-chap

----PLLIIAEDVEGEALATAVVN-------TIRGIVKVAAVKAPGFGDR 283
HLALPILLIARSFEEAANSTLMQLNAAHPTLVEDGRPWLIPLSTPVGGAI 294
*:*:**...* * :* :
. *
: .:.:* *

E.coli GroEL
Φ-EL-chap

RKAMLQDIATLTGGTVISEEIGMELEKATLEDLGQAKRVVINKDTTTIID 333
GTSELQDIAVMLNAPMLSDVADLTKLDTHSINGQHGQLELGGNRSILKST 344
.: *****.: ...::*: .:
.:
: :.: : .: :

E.coli GroEL
Φ-EL-chap

GVGEEAAIQGRVAQIRQQIEEATS----DYDREKLQERVAKLAGGVAVIK 379
TPKDEDRIEQHARGIEELLEGFSLSDKFSVRARYNERRIRTLRGKLITIS 394
:* *: :. *.: :* :
.
. :.*: .* * : .*.

E.coli GroEL
Φ-EL-chap

VGAATEVEMKEKKARVEDALHATRAAVEEGVVAGGGVALIRVASKLADLR 429
VGGETYSEVKERVDRYEDVVKAIRSALENGILPGGGVSLVKAVFGTIKEG 444
**. * *:**: * **.::* *:*:*:*::.****:*::..
.

E.coliGroEL
Φ-EL-chap

GQNEDQNVGIKVALRAMEAPLRQIVLNCGEEPSVVANTVKGGD-GNYGYN 478
LEDKDQSAEFAKRYINSGIANELMRLSTIQHKLLFKDTALYKENGSFHFN 494
:::**.. :
. . : *. :. :. :*.
: *.: :*

E.coli GroEL
Φ-EL-chap

AATEEYGNMIDMGILDPTKVTRSALQYAASVAGLMITTECMVTDLPKNDA 528
DDWLNTPTVMNLATGEIG-TPEGLGIYDTAYASITALKGGLQTAKILATT 543
: .::::. :
....
* :: *.:
. : *
:

E.coli GroEL
Φ-EL-chap

ADLGAAGGMGGMGGMGGMM 547
KTLILGEKLSAVKVR---- 558
* . :..:
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Figure 5.2: Sequence alignment between Φ-EL-chaperonin and E.coli GroEL
Conserved residues between E.coli GroEL and Φ-EL-chaperonin are marked with ‘*’ at
the bottom and similar residues are marked with ‘:’ at the bottom of alignment.
Conserved peptides that are highlighted in blue are associated with ATP/ADP binding
sites. Residues that are highlighted in orange are associated with substrate binding.
Residues that are marked in violet are associated with binding ATP/ADP cofactor.
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5.3.5 Multiple Sequence Alignment

The multiple sequence alignment between Φ-EL-chaperonin, E.coli GroEL, Mtcpn60 and GroEL from P.denitrificans sequences coupled to analysis of conservation
and variation provides an opportunity to integrate sequence (evolutionary relationships),
structure, function, and mutation information. Residues that are conserved in all the
sequences are highlighted in green in figure 5.3 and the residues that are conserved in
all the sequences excluding Φ-EL-chaperonin are highlighted in yellow. There are 118
residues that are conserved in E.coli GroEL, P.denitrificans cpn60 and human Mt
cpn60. These residues are replaced with a different residue in Φ-EL-chaperonin.
Furthermore, about 50% of these residues in Φ-EL-chaperonin are actually switched
with residues with similar characteristic residue (polar to polar and hydrophobic to
hydrophobic). This switch in the amino acids might be away to indicate its function.
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Multiple sequence alignment
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap
P.coccus cpn60
E.coli GroEL
Human Mt-cpn60
Φ-EL-chap

------------------------MAAKEVKFNSDARDRMLKGVNILADA
-------------------------AAKDVKFGNDAGVKMLRGVNVLADA
MLRLPTVFRQMRPVSRVLAPHLTRAYAKDVKFGADARALMLQGVDLLADA
------------------------MSQTLLVHGKDAQGIIKQVLSEVYDA
. : .. **
: : :. : **
VKVTLGPKGRNVVIDKSFGAPRITKDGVSVAKEIELSDKFENMGAQMVRE
VKVTLGPKGRNVVLDKSFGAPTITKDGVSVAREIELEDKFENMGAQMVKE
VAVTMGPKGRTVIIEQSWGSPKVTKDGVTVAKSIDLKDKYKNIGAKLVQD
VTSTMGPNGQLVMIKNGVS-TKTTKDGVTVARSIRFADEAHELVNRVITE
* *:**:*: *::.:. . . *****:**:.* : *: .:: ::: :
VASRTNDEAGDGTTTATVLAQAIVREGLKAVAAGMNPMDLKRGIDVATAK
VASKANDAAGDGTTTATVLAQAIITEGLKAVAAGMNPMDLKRGIDKAVTV
VANNTNEEAGDGTTTATVLARSIAKEGFEKISKGANPVEIRRGVMLAVDA
PATKTDEECGDGTTTTIMLTHALY-----HLFKDFPGFQHHRNIEDLVER
*..::: .******: :*::::
: .
.: :*.:
.
VVEAIKSAARPVNDSS-EVAQVGTISANGESFIGQQIAEAMQR-VGNEGV
AVEELKALSVPCSDSK-AIAQVGTISANSDETVGKLIAEAMDK-VGKEGV
VIAELKKQSKPVTTPE-EIAQVATISANGDKEIGNIISDAMKK-VGRKGV
VIQRLESMAIRVEVDDPRLYQVALTSSNQDEKLARLVSELYANNKGSYPD
.: :: :
. : **. *:* :. :.. :::
. *
ITVEENKGMETEVEVVEGMQFDRGYLSPYFVTNADKMIAELEDAYILLHE
ITVEDGTGLQDELDVVEGMQFDRGYLSPYFINKPETGAVELESPFILLAD
ITVKDGKTLNDELEIIEGMKFDRGYISPYFINTSKGQKCEFQDAYVLLSE
IELKEGVNFEDQIEQTTGRTIRMFYANPWFAKGHQGGVTELTGFTAFVID
* :::. :: :::
* :
* .*:* . .
*: .
:: :
KKLSS--LQPMVPLLESVIQSQK-----PLLIVAEDVEGEALATLVVN-KKISN--IREMLPVLEAVAKAGK-----PLLIIAEDVEGEALATAVVN-KKISS--IQSIVPALEIANAHRK-----PLVIIAEDVDGEALSTLVLN-RRIDKEDTQKLIDGVNHLVKTHKQHLALPILLIARSFEEAANSTLMQLNA
:::..
: :: ::
*
*::::*...: * :* :
-----KLRGGLKIAAVKAPGFGDRRKAMLQDIAILTGGQVISED-LGMKL
-----TIRGIVKVAAVKAPGFGDRRKAMLQDIATLTGGTVISEE-IGMEL
-----RLKVGLQVVAVKAPGFGDNRKNQLKDMAIATGGAVFGEEGLTLNL
AHPTLVEDGRPWLIPLSTPVGGAIGTSELQDIAVMLNAPMLSDVADLTKL
: .:.:* *
. *:*:*
.. ::.:
:*
ENVTIDMLGRAKKVSINKDNTTIVDGAGEK--AEIEARVSQIRQQIEETT
EKATLEDLGQAKRVVINKDTTTIIDGVGEE--AAIQGRVAQIRQQIEEAT
EDVQPHDLGKVGEVIVTKDDAMLLKGKGDK--AQIEKRIQEIIEQLDVTT
DTHSINGQHGQLELGGNRSILKSTTPKDEDRIEQHARGIEELLEGFSLSD
:
.
.: .:.
.:.
: :: : :. :
SDYDREKLQER-VAKLAGGVAVIRVGGMTEIEVKERKDRVDDALNATRAA
SDYDREKLQER-VAKLAGGVAVIKVGAATEVEMKEKKARVEDALHATRAA
SEYEKEKLNER-LAKLSDGVAVLKVGGTSDVEVNEKKDRVTDALNATRAA
KFSVRARYNERRIRTLRGKLITISVGGETYSEVKERVDRYEDVVKAIRSA
.
: : :** : .* . : .: **. : *::*: * *.::* *:*
VQEGIVVGGGVALVQGAKVLEGLSGANSDQDAGIAIIRRALEAPMRQIAE
VEEGVVAGGGVALIRVASKLADLRGQNEDQNVGIKVALRAMEAPLRQIVL
VEEGIVLGGGCALLRCIPALDSLTPANEDQKIGIEIIKRTLKIPAMTIAK
LENGILPGGGVSLVKAVFGTIKEGLEDKDQSAEFAKRYINSGIANELMRL
:::*:: *** :*::
:.**. :
.
:
NAGVDGAVVAGKVRESSDKAFGF-----------NAQTEEYGDMFKFGVI
NCGEEPSVVANTVK-GGDGNYGY-----------NAATEEYGNMIDMGIL
NAGVEGSLIVEKIM-QSSSEVGY-----------DAMAGDFVNMVEKGII
STIQHKLLFKDTALYKENGSFHFNDDWLNTPTVMNLATGEIGTPEGLGIY
.
. :. .
.
:
: : :
*:
DPAKVVRTALEDAASVAGLLITTEAMIAEKPEPKAP----AGGMPDMGGDPTKVTRSALQYAASVAGLMITTECMVTDLPKNDAADLGAAGGMGGMGGDPTKVVRTALLDAAGVASLLTTAEVVVTEIPKEEKDP--GMGAMGGMGGG
DTAYASITALKGGLQTAKILATTKTLILGEKLSAVKVR-----------*.: . :** . .* :: *:: ::
MGGMM- 545
MGGMM- 547
MGGGMF 573
------
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26
25
50
26
76
75
100
75
126
125
150
120
174
173
198
170
224
223
248
220
265
264
289
270
309
308
334
320
357
356
382
370
406
405
431
420
456
455
481
470
495
493
519
520
540
542
567
558

Figure 5.3: Multiple sequence alignment between E.coli GroEL, Mt-cpn60, GroEL from
P.denitrificans and Φ-EL-chaperonin
Residues that are conserved in all the chaperonin sequences are marked with ‘*’ and
also highlighted in green color. Residues that are not identical but similar are marked
with ‘:’ at the bottom of alignment. Residues that are highlighted in yellow are conserved
in all the sequences except Φ-EL-chaperonin.
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5.3.6 Phylogenetic Analysis

A neighbor joining phylogenetic tree was constructed between Φ-EL-chaperonin
and twenty GroEL chaperonins from bacteria that exhibited at least 25% sequence
identity (see Figure 5.4). It was evident that the Φ-EL-chaperonin do not share any
phylogenetic relationship with Group I chaperonins.

Figure 5.4: Neighbor-Joining phylogenetic tree constructed using GBLOCKS server
Each branch in the tree corresponds to a GroEL from a different bacterial strain. The
branches are connected at nodes. The numbers on each node represents the
percentage probability of the branches being closely related in one hundred iterations.
The Φ-EL-chaperonin is branched out separately and exhibits no evolutionary
relationship with the bacterial GroEL chaperonins.
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5.4 Conclusions

Chaperonins are dual ringed complex protein structures that mediate cellular
protein folding in an ATP dependent manner. ATP binding and hydrolysis between the
chaperonin rings is highly allosteric and induce large conformational changes in the
rings that lead to the opening and closing of the chaperonin rings. During evolution, two
distinct strategies to close the chaperonin chamber have emerged. Chaperonins from
Archaea and eukaryotic cytoplasm contain a built-in lid, whereas bacterial chaperonins
use a small ring-shaped cofactor (co-chaperonin) as a detachable lid to fold substrate
proteins successfully.
The present work contributes to the structural and functional investigation of a
chaperonin that is encoded by a bacteriophage EL. The Φ-EL-chaperonin though
evolved from a Group I chaperonin has embraced multiple insertions and deletions in its
primary sequence that resulted in a novel mechanism of protein folding.
From our biochemical, structural and bioinformatics analysis, we propose a novel
mechanism of Φ-EL-chaperonin mediated protein folding and further illustrate that the
Φ-EL-chaperonin mediated protein folding is necessary for phage EL proliferation.
Some of our conclusions include:
a. The ATP bound state of the chaperonin is wide open on both ends and ready
to accept substrate proteins.
b. ATP hydrolysis induces large conformational changes in both the rings
dissociating the chaperonin equatorially into two separate heptamers that
then acquire a closed conformation. In this conformation, the equatorial

85

domain of the chaperonin drops away from the center of the ring creating a
larger chamber that can encapsulate a large substrate protein.
c. The single ring conformation of the chaperonin presumably hides the ATP
binding pocket and a transient double ringed structure is formed by the back
to back stacking of single rings and is required to expose the hidden ATP
binding pocket. The ATP binding is highly co-operative within the ring and
also between the rings leading to double ringed stable open conformation.
Additionally, the general architectural similarities at the ring interface, in conjunction with
the large conformational differences associated with ATP binding, make it very difficult
to classify the Φ-EL-chaperonin as a Group I or Group II chaperonin. Therefore the
unique structural details of the Φ-EL-chaperonin coupled with is functional role in the
assisted folding of viral proteins, indicate that the Φ-EL-chaperonin cannot by
characterized by the current classifications. Features of this unique Φ-EL-chaperonin
establish it as a new group that is unique in its structure as well as function. Our studies
suggest that the Φ-EL-chaperonin likely evolved from a Group I chaperonin with multiple
changes in its structure and function that satisfy its specific needs.
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Future Directions

The cryo-EM reconstruction of Φ-EL-chaperonin in the presence of ATP yielded
a double ringed structure and in the presence of ADP it yielded a single ringed
structure. It therefore leaves a question of how the separated rings come back together
to regenerate open conformation. One plan was to study the structure of the Φ-ELchaperonin in the absence of any nucleotide in the sample. To understand the complete
ATPase activity of the Φ-EL chaperonin, the structure of the chaperonin in the absence
of nucleotide needs to be solved. A structural investigation of the Φ-EL chaperonin in
the absence of nucleotide will reveal the conformational changes that must occur when
the Φ-EL chaperonin releases the ATP that has been hydrolyzed to ADP. Solving the
ATPase activity of the Φ-EL chaperonin sheds light on the mechanism of its near
structural homologue Mt-cpn60. Biochemical investigation of the human Mt-cpn60
suggested a similar mechanism as Φ-EL chaperonin that functions via ring dissociation.
Additionally, crystallization trials of the Φ-EL chaperonin in all three conformations need
to be solved. Solving the crystal structure provides atomic details that further explain the
unique Φ-EL chaperonin mechanism.

87

References

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Anfinsen, C. B. Principles That Govern Folding of Protein Chains. Science 181,
223-230 (1973).
Levy-Rimler, G., Bell, R. E., Ben-Tal, N. & Azem, A. Type I chaperonins: not all
are created equal. Febs Lett 529, 1-5 (2002).
Kodish, E., Lantos, J., Siegler, M., Kohrman, A. & Johnson, F. L. Bone marrow
transplantation in sickle cell disease: the trade-off between early mortality and
quality of life. Clin Res 38, 694-700 (1990).
Powars, D. R. et al. Chronic renal failure in sickle cell disease: risk factors,
clinical course, and mortality. Ann Intern Med 115, 614-620 (1991).
el-Shafei, A. M., Sandhu, A. K. & Dhaliwal, J. K. Maternal mortality in Bahrain
with special reference to sickle cell disease. Aust N Z J Obstet Gynaecol 28, 4144 (1988).
Emrich, H. M. et al. Sweat composition in relation to rate of sweating in patients
with cystic fibrosis of the pancreas. Pediatr Res 2, 464-478 (1968).
Pozzan, M. & De Pascale, A. [Studies on suspected relation of experimental
changes produced by carbon tetrachloride to cystic fibrosis of the pancreas].
Acta Paediatr Lat 5, 292-302 (1952).
Bastian, F. O. et al. Spiroplasma spp. from transmissible spongiform
encephalopathy brains or ticks induce spongiform encephalopathy in ruminants.
J Med Microbiol 56, 1235-1242, doi:10.1099/jmm.0.47159-0 (2007).
Jensen, P., Sorensen, S. A., Fenger, K. & Bolwig, T. G. A study of psychiatric
morbidity in patients with Huntington's disease, their relatives, and controls.
Admissions to psychiatric hospitals in Denmark from 1969 to 1991. Br J
Psychiatry 163, 790-797 (1993).
Hughes, A. J., Ben-Shlomo, Y., Daniel, S. E. & Lees, A. J. What features improve
the accuracy of clinical diagnosis in Parkinson's disease: a clinicopathologic
study. Neurology 42, 1142-1146 (1992).
Hughes, A. J., Ben-Shlomo, Y., Daniel, S. E. & Lees, A. J. What features improve
the accuracy of clinical diagnosis in Parkinson's disease: a clinicopathologic
study. 1992. Neurology 57, S34-38 (2001).
Rowland, L. P. Amyotrophic lateral sclerosis: theories and therapies. Ann Neurol
35, 129-130, doi:10.1002/ana.410350202 (1994).
Jackson, S. E. & Fersht, A. R. Folding of chymotrypsin inhibitor 2. 1. Evidence for
a two-state transition. Biochemistry 30, 10428-10435 (1991).
Alexander, P., Orban, J. & Bryan, P. Kinetic-Analysis of Folding and Unfolding
the 56-Amino Acid Igg-Binding Domain of Streptococcal Protein-G. Biochemistry
31, 7243-7248 (1992).
Viguera, A. R., Martinez, J. C., Filimonov, V. V., Mateo, P. L. & Serrano, L.
Thermodynamic and Kinetic-Analysis of the Sh3 Domain of Spectrin Shows a 2State Folding Transition. Biochemistry 33, 2142-2150 (1994).
Kragelund, B. B., Robinson, C. V., Knudsen, J., Dobson, C. M. & Poulsen, F. M.
Folding of a four-helix bundle: studies of acyl-coenzyme A binding protein.
Biochemistry 34, 7217-7224 (1995).
88

17
18
19
20
21
22
23

24
25
26
27
28
29
30
31
32

Villegas, V. et al. Evidence for a two-state transition in the folding process of the
activation domain of human procarboxypeptidase A2. Biochemistry 34, 1510515110 (1995).
Brorsson, A. C. et al. The "Two-state folder" MerP forms partially unfolded
structures that show temperature dependent hydrogen exchange. J Mol Biol 340,
333-344, doi:DOI 10.1016/j.jmb.2004.05.003 (2004).
Horwich, A. L., Fenton, W. A., Chapman, E. & Farr, G. W. Two families of
chaperonin: physiology and mechanism. Annu Rev Cell Dev Biol 23, 115-145,
doi:10.1146/annurev.cellbio.23.090506.123555 (2007).
Kauzmann, W. Some factors in the interpretation of protein denaturation. Adv
Protein Chem 14, 1-63 (1959).
Privalov, P. L. & Gill, S. J. Stability of protein structure and hydrophobic
interaction. Adv Protein Chem 39, 191-234 (1988).
Muchowski, P. J. et al. Hsp70 and Hsp40 chaperones can inhibit self-assembly
of polyglutamine proteins into amyloid-like fibrils. P Natl Acad Sci USA 97, 78417846 (2000).
Jana, N. R., Tanaka, M., Wang, G. & Nukina, N. Polyglutamine length-dependent
interaction of Hsp40 and Hsp70 family chaperones with truncated N-terminal
huntingtin: their role in suppression of aggregation and cellular toxicity. Hum Mol
Genet 9, 2009-2018 (2000).
Cummings, C. J. et al. Chaperone suppression of aggregation and altered
subcellular proteasome localization imply protein misfolding in SCA1. Nat Genet
19, 148-154, doi:10.1038/502 (1998).
Fayet, O., Ziegelhoffer, T. & Georgopoulos, C. The Groes and Groel Heat-Shock
Gene-Products of Escherichia-Coli Are Essential for Bacterial-Growth at All
Temperatures. J Bacteriol 171, 1379-1385 (1989).
Rospert, S., Junne, T., Glick, B. S. & Schatz, G. Cloning and Disruption of the
Gene Encoding Yeast Mitochondrial Chaperonin-10, the Homolog of EscherichiaColi Groes. Febs Lett 335, 358-360 (1993).
Reading, D. S., Hallberg, R. L. & Myers, A. M. Characterization of the Yeast
Hsp60 Gene Coding for a Mitochondrial Assembly Factor. Nature 337, 655-659
(1989).
Hansen, J. J. et al. Hereditary spastic paraplegia SPG13 is associated with a
mutation in the gene encoding the mitochondrial chaperonin Hsp60. Am J Hum
Genet 70, 1328-1332 (2002).
Nitsch, M. et al. Group II chaperonin in an open conformation examined by
electron tomography. Nat Struct Biol 5, 855-857 (1998).
Carrascosa, J. L., Llorca, O. & Valpuesta, J. M. Structural comparison of
prokaryotic and eukaryotic chaperonins. Micron 32, 43-50, doi:S09684328(00)00027-5 [pii] (2001).
Roseman, A. M., Chen, S. X., White, H., Braig, K. & Saibil, H. R. The chaperonin
ATPase cycle: Mechanism of allosteric switching and movements of substratebinding domains in GroEL. Cell 87, 241-251 (1996).
Klumpp, M. & Baumeister, W. The thermosome: archetype of group II
chaperonins. Febs Lett 430, 73-77 (1998).

89

33
34
35
36
37

38
39
40
41

42
43
44
45

46
47
48
49

Waldmann, T. et al. The Thermosome of Thermoplasma-Acidophilum and Its
Relationship to the Eukaryotic Chaperonin Tric. European Journal of
Biochemistry 227, 848-856 (1995).
Marco, S. et al. The Molecular Chaperone Tf55 - Assessment of Symmetry. Febs
Lett 341, 152-155 (1994).
Spiess, C., Meyer, A. S., Reissmann, S. & Frydman, J. Mechanism of the
eukaryotic chaperonin: protein folding in the chamber of secrets. Trends Cell Biol
14, 598-604, doi:10.1016/j.tcb.2004.09.015 (2004).
Schoehn, G., Quaite-Randall, E., Jimenez, J. L., Joachimiak, A. & Saibil, H. R.
Three conformations of an archaeal chaperonin, TF55 from Sulfolobus shibatae.
J Mol Biol 296, 813-819 (2000).
Iizuka, R. et al. Role of the helical protrusion in the conformational change and
molecular chaperone activity of the archaeal group II chaperonin. Journal of
Biological Chemistry 279, 18834-18839, doi:DOI 10.1074/jbc.M400839200
(2004).
Braig, K. et al. The Crystal-Structure of the Bacterial Chaperonin Groel at 2.8Angstrom. Nature 371, 578-586 (1994).
Zhang, J. J. et al. Mechanism of folding chamber closure in a group II
chaperonin. Nature 463, 379-U130, doi:Doi 10.1038/Nature08701 (2010).
Ditzel, L. et al. Crystal structure of the thermosome, the archaeal chaperonin and
homolog of CCT. Cell 93, 125-138 (1998).
Booth, C. R. et al. Mechanism of lid closure in the eukaryotic chaperonin
TRiC/CCT. Nat Struct Mol Biol 15, 746-753, doi:nsmb.1436
[pii]10.1038/nsmb.1436 (2008).
Saibil, H. R. et al. Atp Induces Large Quaternary Rearrangements in a Cage-Like
Chaperonin Structure. Curr Biol 3, 265-273 (1993).
Pettersen, E. F. et al. UCSF chimera - A visualization system for exploratory
research and analysis. J Comput Chem 25, 1605-1612, doi:Doi
10.1002/Jcc.20084 (2004).
Tilly, K., Murialdo, H. & Georgopoulos, C. Identification of a second Escherichia
coli groE gene whose product is necessary for bacteriophage morphogenesis.
Proc Natl Acad Sci U S A 78, 1629-1633 (1981).
Langer, T., Pfeifer, G., Martin, J., Baumeister, W. & Hartl, F. U. Chaperoninmediated protein folding: GroES binds to one end of the GroEL cylinder, which
accommodates the protein substrate within its central cavity. EMBO J 11, 47574765 (1992).
Schoehn, G., Hayes, M., Cliff, M., Clarke, A. R. & Saibil, H. R. Domain rotations
between open, closed and bullet-shaped forms of the thermosome, an archaeal
chaperonin. J Mol Biol 301, 323-332 (2000).
Xu, Z. H., Horwich, A. L. & Sigler, P. B. The crystal structure of the asymmetric
GroEL-GroES-(ADP)(7) chaperonin complex. Nature 388, 741-750 (1997).
Georgopo.Cp, Hendrix, R. W., Casjens, S. R. & Kaiser, A. D. Host Participation
in Bacteriophage-Lambda Head Assembly. J Mol Biol 76, 45-& (1973).
Hemmingsen, S. M. et al. Homologous Plant and Bacterial Proteins Chaperone
Oligomeric Protein Assembly. Nature 333, 330-334 (1988).
90

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Cheng, M. Y. et al. Mitochondrial Heat-Shock Protein Hsp60 Is Essential for
Assembly of Proteins Imported into Yeast Mitochondria. Nature 337, 620-625
(1989).
Phipps, B. M., Hoffmann, A., Stetter, K. O. & Baumeister, W. A Novel Atpase
Complex Selectively Accumulated Upon Heat-Shock Is a Major CellularComponent of Thermophilic Archaebacteria. Embo J 10, 1711-1722 (1991).
Trent, J. D., Nimmesgern, E., Wall, J. S., Hartl, F. U. & Horwich, A. L. A
Molecular Chaperone from a Thermophilic Archaebacterium Is Related to the
Eukaryotic Protein T-Complex Polypeptide-1. Nature 354, 490-493 (1991).
Lewis, V. A., Hynes, G. M., Dong, Z., Saibil, H. & Willison, K. T-Complex
Polypeptide-1 Is a Subunit of a Heteromeric Particle in the Eukaryotic Cytosol.
Nature 358, 249-252 (1992).
Yaffe, M. B. et al. Tcp1 Complex Is a Molecular Chaperone in Tubulin
Biogenesis. Nature 358, 245-248 (1992).
Gao, Y. J., Thomas, J. O., Chow, R. L., Lee, G. H. & Cowan, N. J. A Cytoplasmic
Chaperonin That Catalyzes Beta-Actin Folding. Cell 69, 1043-1050 (1992).
Frydman, J. et al. Function in Protein Folding of Tric, a Cytosolic Ring Complex
Containing Tcp-1 and Structurally Related Subunits. Embo J 11, 4767-4778
(1992).
Guagliardi, A., Cerchia, L., Bartolucci, S. & Rossi, M. The Chaperonin from the
Archaeon Sulfolobus-Solfataricus Promotes Correct Refolding and Prevents
Thermal-Denaturation in-Vitro. Protein Sci 3, 1436-1443 (1994).
Yoshida, T. et al. Structural and functional characterization of homooligomeric
complexes of alpha and beta chaperonin subunits from the hyperthermophilic
archaeum Thermococcus strain KS-1. J Mol Biol 273, 635-645 (1997).
Farr, G. W., Scharl, E. C., Schumacher, R. J., Sondek, S. & Horwich, A. L.
Chaperonin-mediated folding in the eukaryotic cytosol proceeds through rounds
of release of native and nonnative forms. Cell 89, 927-937 (1997).
Viitanen, P. V. et al. Mammalian mitochondrial chaperonin 60 functions as a
single toroidal ring. J Biol Chem 267, 695-698 (1992).
Gutsche, I., Essen, L. O. & Baumeister, F. Group II chaperonins: New TRiC(k)s
and turns of a protein folding machine. J Mol Biol 293, 295-312 (1999).
Fenton, W. A. & Horwich, A. L. GroEL-mediated protein folding. Protein Sci 6,
743-760 (1997).
Hartl, F. U. Molecular chaperones in cellular protein folding. Nature 381, 571-580
(1996).
Sigler, P. B. et al. Structure and function in GroEL-mediated protein folding. Annu
Rev Biochem 67, 581-608 (1998).
Xu, Z. H. & Sigler, P. B. GroEL/GroES: Structure and function of a two-stroke
folding machine. J Struct Biol 124, 129-141 (1998).
Tang, Y. C. et al. Structural features of the GroEL-GroES nano-cage required for
rapid folding of encapsulated protein. Cell 125, 903-914,
doi:10.1016/j.cell.2006.04.027 (2006).
Gupta, R. S. Sequence and structural homology between a mouse T-complex
protein TCP-1 and the 'chaperonin' family of bacterial (GroEL, 60-65 kDa heat
shock antigen) and eukaryotic proteins. Biochem Int 20, 833-841 (1990).
91

68
69
70
71
72

73
74
75
76
77
78
79
80
81
82
83

Kubota, H., Hynes, G. & Willison, K. The chaperonin containing t-complex
polypeptide 1 (TCP-1). Multisubunit machinery assisting in protein folding and
assembly in the eukaryotic cytosol. Eur J Biochem 230, 3-16 (1995).
Kubota, H., Hynes, G., Carne, A., Ashworth, A. & Willison, K. Identification of six
Tcp-1-related genes encoding divergent subunits of the TCP-1-containing
chaperonin. Current biology : CB 4, 89-99 (1994).
Archibald, J. M., Logsdon, J. M., Jr. & Doolittle, W. F. Origin and evolution of
eukaryotic chaperonins: phylogenetic evidence for ancient duplications in CCT
genes. Mol Biol Evol 17, 1456-1466 (2000).
Archibald, J. M., Blouin, C. & Doolittle, W. F. Gene duplication and the evolution
of group II chaperonins: implications for structure and function. J Struct Biol 135,
157-169, doi:10.1006/jsbi.2001.4353 (2001).
Shomura, Y. et al. Crystal structures of the group II chaperonin from
Thermococcus strain KS-1: steric hindrance by the substituted amino acid, and
inter-subunit rearrangement between two crystal forms. J Mol Biol 335, 12651278 (2004).
Gutsche, I., Essen, L. O. & Baumeister, W. Group II chaperonins: new TRiC(k)s
and turns of a protein folding machine. J Mol Biol 293, 295-312,
doi:10.1006/jmbi.1999.3008 (1999).
Parsell, D. A. & Lindquist, S. The function of heat-shock proteins in stress
tolerance: degradation and reactivation of damaged proteins. Annu Rev Genet
27, 437-496, doi:10.1146/annurev.ge.27.120193.002253 (1993).
Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A. & Bukau, B.
Trigger factor and DnaK cooperate in folding of newly synthesized proteins.
Nature 400, 693-696, doi:10.1038/23301 (1999).
Ewalt, K. L., Hendrick, J. P., Houry, W. A. & Hartl, F. U. In vivo observation of
polypeptide flux through the bacterial chaperonin system. Cell 90, 491-500
(1997).
Siegers, K. et al. Compartmentation of protein folding in vivo: sequestration of
non-native polypeptide by the chaperonin-GimC system. Embo J 18, 75-84
(1999).
Siegers, K. et al. TRiC/CCT cooperates with different upstream chaperones in
the folding of distinct protein classes. Embo J 22, 5230-5240 (2003).
Melki, R. & Cowan, N. J. Facilitated Folding of Actins and Tubulins Occurs Via a
Nucleotide-Dependent Interaction between Cytoplasmic Chaperonin and
Distinctive Folding Intermediates. Mol Cell Biol 14, 2895-2904 (1994).
Meyer, A. S. et al. Closing the folding chamber of the eukaryotic chaperonin
requires the transition state of ATP hydrolysis. Cell 113, 369-381 (2003).
Melki, R., Batelier, G., Soulie, S. & Williams, R. C. Cytoplasmic chaperonin
containing TCP-1: Structural and functional characterization. Biochemistry 36,
5817-5826 (1997).
Tian, G. L., Vainberg, I. E., Tap, W. D., Lewis, S. A. & Cowan, N. J. Specificity in
Chaperonin-Mediated Protein-Folding. Nature 375, 250-253 (1995).
Levy-Rimler, G. et al. The effect of nucleotides and mitochondrial chaperonin 10
on the structure and chaperone activity of mitochondrial chaperonin 60. Eur J
Biochem 268, 3465-3472 (2001).
92

84
85
86
87
88

89
90
91

92

93
94
95
96
97
98

Nielsen, K. L. & Cowan, N. J. A single ring is sufficient for productive chaperoninmediated folding in vivo. Mol Cell 2, 93-99 (1998).
Truscott, K. N., Hoj, P. B. & Scopes, R. K. Purification and characterization of
chaperonin 60 and chaperonin 10 from the anaerobic thermophile
Thermoanaerobacter brockii. Eur J Biochem 222, 277-284 (1994).
Levy-Rimler, G. et al. The effect of nucleotides and mitochondrial chaperonin 10
on the structure and chaperone activity of mitochondrial chaperonin 60.
European Journal of Biochemistry 268, 3465-3472 (2001).
Zweig, M. & Cummings, D. J. Cleavage of Head and Tail Proteins during
Bacteriophage T5 Assembly - Selective Host Involvement in Cleavage of a Tail
Protein. J Mol Biol 80, 505-& (1973).
Krylov, V. et al. Myoviridae bacteriophages of Pseudomonas aeruginosa: a long
and complex evolutionary pathway. Res Microbiol 154, 269-275, doi:S09232508(03)00070-6 [pii]10.1016/S0923-2508(03)00070-6 (2003).
Richardson, A. & Georgopoulos, C. Genetic analysis of the bacteriophage T4encoded cochaperonin Gp31. Genetics 152, 1449-1457 (1999).
Richardson, A. et al. Compensatory changes in GroEL/Gp31 affinity as a
mechanism for Allele-specific genetic interaction. Journal of Biological Chemistry
274, 52-58 (1999).
Hertveldt, K. et al. Genome comparison of Pseudomonas aeruginosa large
phages. J Mol Biol 354, 536-545, doi:S0022-2836(05)01140-X
[pii]10.1016/j.jmb.2005.08.075 (2005).
Ang, D. et al. Pseudo-T-even bacteriophage RB49 encodes CocO, a
cochaperonin for GroEL, which can substitute for Escherichia coli's GroES and
bacteriophage T4's Gp31. Journal of Biological Chemistry 276, 8720-8726
(2001).
Fukami, T. A., Yohda, M., Taguchi, H., Yoshida, M. & Miki, K. Crystal structure of
chaperonin-60 from Paracoccus denitrificans. J Mol Biol 312, 501-509,
doi:10.1006/jmbi.2001.4961 (2001).
Boisvert, D. C., Wang, J., Otwinowski, Z., Horwich, A. L. & Sigler, P. B. The 2.4 A
crystal structure of the bacterial chaperonin GroEL complexed with ATP gamma
S. Nat Struct Biol 3, 170-177 (1996).
Weissman, J. S. et al. Mechanism of GroEL action: productive release of
polypeptide from a sequestered position under GroES. Cell 83, 577-587 (1995).
Weissman, J. S., Rye, H. S., Fenton, W. A., Beechem, J. M. & Horwich, A. L.
Characterization of the active intermediate of a GroEL-GroES-mediated protein
folding reaction. Cell 84, 481-490 (1996).
Cabo-Bilbao, A. et al. Crystal structure of the temperature-sensitive and
allosteric-defective chaperonin GroELE461K. J Struct Biol 155, 482-492,
doi:10.1016/j.jsb.2006.06.008 (2006).
Todd, M. J., Walke, S., Lorimer, G., Truscott, K. & Scopes, R. K. The Single-Ring
Thermoanaerobacter-Brockii Chaperonin-60 (Tbr-El(7)) Dimerizes to TbrEl(14)Center-Dot-Tbr-Es(7) under Protein-Folding Conditions. Biochemistry 34,
14932-14941 (1995).

93

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

Miller, S. G., Leclerc, R. F. & Erdos, G. W. Identification and characterization of a
testis-specific isoform of a chaperonin in a moth, Heliothis virescens. J Mol Biol
214, 407-422, doi:10.1016/0022-2836(90)90190-W (1990).
Lorimer, G. Protein folding. Folding with a two-stroke motor. Nature 388, 720721, 723, doi:10.1038/41892 (1997).
Nielsen, K. L., McLennan, N., Masters, M. & Cowan, N. J. A single-ring
mitochondrial chaperonin (Hsp60-Hsp10) can substitute for GroEL-GroES in
vivo. J Bacteriol 181, 5871-5875 (1999).
Burkal'tseva, M. V. et al. [Phenogenetic characterization of a group of giant Phi
KZ-like bacteriophages of Pseudomonas aeruginosa]. Genetika 38, 1470-1479
(2002).
Hertveldt, K. et al. Genome comparison of Pseudomonas aeruginosa large
phages. J Mol Biol 354, 536-545, doi:10.1016/j.jmb.2005.08.075 (2005).
Ruska, E. The early development of electron lenses and electron microscopy.
Microsc Acta Suppl, 1-140 (1980).
Williams, D. B. & Carter, C. B. Transmission electron microscopy : a textbook for
materials science. (Plenum Press, 1996).
Parsons, D. F. Structure of wet specimens in electron microscopy. Improved
environmental chambers make it possible to examine wet specimens easily.
Science 186, 407-414 (1974).
Hall, C. E. Introduction to electron microscopy. 2d edn, (McGraw-Hill, 1966).
Chapman, S. K. Maintaining and monitoring the transmission electron
microscope. (Oxford University Press ;Royal Microscopical Society, 1986).
McDowall, A. W., Hofmann, W., Lepault, J., Adrian, M. & Dubochet, J. Cryoelectron microscopy of vitrified insect flight muscle. J Mol Biol 178, 105-111
(1984).
Walther, P. & Muller, M. Double-layer coating for field-emission cryo-scanning
electron microscopy - Present state and applications. Scanning 19, 343-348
(1997).
Frank, J. Three-dimensional electron microscopy of macromolecular assemblies :
visualization of biological molecules in their native state. 2nd edn, (Oxford
University Press, 2006).
Jiang, W. et al. Backbone structure of the infectious epsilon15 virus capsid
revealed by electron cryomicroscopy. Nature 451, 1130-1134,
doi:10.1038/nature06665 (2008).
Ludtke, S. J. et al. De novo backbone trace of GroEL from single particle electron
cryomicroscopy. Structure 16, 441-448, doi:10.1016/j.str.2008.02.007 (2008).
Zhang, X. et al. Near-atomic resolution using electron cryomicroscopy and
single-particle reconstruction. P Natl Acad Sci USA 105, 1867-1872, doi:DOI
10.1073/pnas.0711623105 (2008).
Yu, X. K., Jin, L. & Zhou, Z. H. 3.88 angstrom structure of cytoplasmic
polyhedrosis virus by cryo-electron microscopy. Nature 453, 415-U473, doi:Doi
10.1038/Nature06893 (2008).
Zhou, Z. H. Towards atomic resolution structural determination by single-particle
cryo-electron microscopy. Curr Opin Struct Biol 18, 218-228,
doi:10.1016/j.sbi.2008.03.004 (2008).
94

117
118
119
120
121
122
123
124
125
126

127
128
129
130
131
132
133
134

Walther, P., Chen, Y., Pech, L. L. & Pawley, J. B. High-Resolution Scanning
Electron-Microscopy of Frozen-Hydrated Cells. J Microsc-Oxford 168, 169-180
(1992).
Adrian, M., Dubochet, J., Lepault, J. & McDowall, A. W. Cryo-electron
microscopy of viruses. Nature 308, 32-36 (1984).
Taylor, K. A. & Glaeser, R. M. Electron diffraction of frozen, hydrated protein
crystals. Science 186, 1036-1037 (1974).
Henderson, R. Image contrast in high-resolution electron microscopy of biological
macromolecules: TMV in ice. Ultramicroscopy 46, 1-18 (1992).
De Carlo, S. & Harris, J. R. Negative staining and cryo-negative staining of
macromolecules and viruses for TEM. Micron 42, 117-131,
doi:10.1016/j.micron.2010.06.003 (2011).
Song, J. D., Qu, J. G., Lu, Z. Z., Wang, M. & Hong, T. [Methods and applications
in improving virus detection sensitivity by TEM with negative staining]. Bing Du
Xue Bao 26, 410-413 (2010).
Echlin, P. Low-temperature microscopy and analysis. (Plenum Press, 1992).
Dubochet, J. et al. Cryo-electron microscopy of vitrified specimens. Q Rev
Biophys 21, 129-228 (1988).
Erk, I., Delacroix, H., Nicolas, G., Ranck, J. L. & Lepault, J. Cryo-electron
microscopy of vitrified specimens: an approach to the study of bulk specimens. J
Electron Microsc Tech 18, 406-410, doi:10.1002/jemt.1060180409 (1991).
Gabashvili, I. S., Agrawal, R. K., Grassucci, R. & Frank, J. Structure and
structural variations of the Escherichia coli 30 S ribosomal subunit as revealed by
three-dimensional cryo-electron microscopy. J Mol Biol 286, 1285-1291,
doi:10.1006/jmbi.1999.2538 (1999).
Orlova, E. V., Serysheva, II, van Heel, M., Hamilton, S. L. & Chiu, W. Two
structural configurations of the skeletal muscle calcium release channel. Nat
Struct Biol 3, 547-552 (1996).
Ludtke, S. J., Baldwin, P. R. & Chiu, W. EMAN: semiautomated software for
high-resolution single-particle reconstructions. J Struct Biol 128, 82-97,
doi:10.1006/jsbi.1999.4174 (1999).
Frank, J. et al. SPIDER and WEB: processing and visualization of images in 3D
electron microscopy and related fields. J Struct Biol 116, 190-199,
doi:10.1006/jsbi.1996.0030 (1996).
Schroeter, J. P. & Bretaudiere, J. P. SUPRIM: easily modified image processing
software. J Struct Biol 116, 131-137, doi:10.1006/jsbi.1996.0021 (1996).
van Heel, M., Harauz, G., Orlova, E. V., Schmidt, R. & Schatz, M. A new
generation of the IMAGIC image processing system. J Struct Biol 116, 17-24,
doi:10.1006/jsbi.1996.0004 (1996).
Whittaker, M., Carragher, B. O. & Milligan, R. A. PHOELIX: a package for semiautomated helical reconstruction. Ultramicroscopy 58, 245-259 (1995).
Toyoshima, C. & Unwin, N. Contrast Transfer for Frozen-Hydrated Specimens Determination from Pairs of Defocused Images. Ultramicroscopy 25, 279-291
(1988).
Baker, T. S., Olson, N. H. & Fuller, S. D. Adding the third dimension to virus life
cycles: three-dimensional reconstruction of icosahedral viruses from cryo95

135

136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

electron micrographs. Microbiol Mol Biol Rev 63, 862-922, table of contents
(1999).
Downing, K. H. & Glaeser, R. M. Restoration of weak phase-contrast images
recorded with a high degree of defocus: The "twin image" problem associated
with CTF correction. Ultramicroscopy 108, 921-928, doi:DOI
10.1016/j.ultramic.2008.03.004 (2008).
Amos, L. A., Henderson, R. & Unwin, P. N. Three-dimensional structure
determination by electron microscopy of two-dimensional crystals. Prog Biophys
Mol Biol 39, 183-231 (1982).
Crowther, R. A., Henderson, R. & Smith, J. M. MRC image processing programs.
J Struct Biol 116, 9-16, doi:10.1006/jsbi.1996.0003 (1996).
Jeng, T. W., Crowther, R. A., Stubbs, G. & Chiu, W. Visualization of alphahelices in tobacco mosaic virus by cryo-electron microscopy. J Mol Biol 205, 251257 (1989).
Mimori, Y. et al. The Structure of the R-Type Straight Flagellar Filament of
Salmonella at 9 Angstrom Resolution by Electron Cryomicroscopy. J Mol Biol
249, 69-87 (1995).
Koplove, H. M. Principles of Biochemistry - Lehninger,Al. Chem Eng-New York
91, 145-146 (1984).
Ludtke, S. J. et al. De novo backbone trace of GroEL from single particle electron
cryomicroscopy. Structure 16, 441-448, doi:DOI 10.1016/j.str.2008.02.007
(2008).
Berchanski, A., Segal, D. & Eisenstein, M. Modeling oligomers with Cn or Dn
symmetry: application to CAPRI target 10. Proteins 60, 202-206,
doi:10.1002/prot.20558 (2005).
Fletcher, G. C. Dynamic light scattering from collagen solutions. I. Translational
diffusion coefficient and aggregation effects. Biopolymers 15, 2201-2217,
doi:10.1002/bip.1976.360151108 (1976).
Serallach, E. et al. [Conformation of the fibrinogen molecule in solution: dynamic
light scattering spectroscopy]. Schweiz Med Wochenschr 106, 1380 (1976).
Murphy, R. M. Static and dynamic light scattering of biological macromolecules:
what can we learn? Curr Opin Biotechnol 8, 25-30 (1997).
Ferre-D'Amare, A. R. & Burley, S. K. Use of dynamic light scattering to assess
crystallizability of macromolecules and macromolecular assemblies. Structure 2,
357-359 (1994).
Harding, S. E. Determination of diffusion coefficients of biological
macromolecules by dynamic light scattering. Methods Mol Biol 22, 97-108
(1994).
Gast, K., Damaschun, G., Misselwitz, R. & Zirwer, D. Application of dynamic light
scattering to studies of protein folding kinetics. Eur Biophys J 21, 357-362 (1992).
Latina, M. et al. Dynamic light scattering in the intact rabbit lens. Its relation to
protein concentration. Invest Ophthalmol Vis Sci 28, 175-183 (1987).
Bohidar, H. B. & Geissler, E. Static and dynamic light scattering from dilute
insulin solutions. Biopolymers 23, 2407-2417, doi:10.1002/bip.360231119 (1984).
Michielsen, S. & Pecora, R. Solution dimensions of the gramicidin dimer by
dynamic light scattering. Biochemistry 20, 6994-6997 (1981).
96

152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

168
169

Porter, R. R. The hydrolysis of rabbit y-globulin and antibodies with crystalline
papain. Biochem J 73, 119-126 (1959).
Ishii, K., Iwai, T. & Xia, H. Hydrodynamic measurement of Brownian particles at a
liquid-solid interface by low-coherence dynamic light scattering. Opt Express 18,
7390-7396, doi:10.1364/OE.18.007390 (2010).
Dell, A., Beggs, J. & Panico, M. Principles of Biochemistry - Lehninger,A. New
Sci 98, 398-399 (1983).
Stout, T. J., Sage, C. R. & Stroud, R. M. The additivity of substrate fragments in
enzyme-ligand binding. Structure 6, 839-848 (1998).
Rao, S. T. & Rossmann, M. G. Comparison of super-secondary structures in
proteins. J Mol Biol 76, 241-256 (1973).
Chan, P. C. & Cebra, J. J. Structural studies of products of antigen-antibodycomplement interaction. Immunochemistry 5, 1-8 (1968).
JenJacobson, L. Protein-DNA recognition complexes: Conservation of structure
and binding energy in the transition state. Biopolymers 44, 153-180 (1997).
Pardo, L., Campillo, M., Bosch, D., Pastor, N. & Weinstein, H. Binding
mechanisms of TATA box-binding proteins: DNA kinking is stabilized by specific
hydrogen bonds. Biophys J 78, 1988-1996 (2000).
Mandel-Gutfreund, Y. & Margalit, H. Quantitative parameters for amino acid-base
interaction: implications for prediction of protein-DNA binding sites. Nucleic Acids
Res 26, 2306-2312 (1998).
Fuh, G. et al. Analysis of PDZ domain-ligand interactions using carboxyl-terminal
phage display. Journal of Biological Chemistry 275, 21486-21491 (2000).
Liu, L., Bagal, D., Kitova, E. N., Schnier, P. D. & Klassen, J. S. Hydrophobic
protein-ligand interactions preserved in the gas phase. J Am Chem Soc 131,
15980-15981, doi:10.1021/ja9060454 (2009).
Nelson, D. L., Cox, M.M. Lenhninger Principles of Biochemistry. 4 edn,
(Freeman, 2005).
Gajewski, E., Steckler, D. K. & Goldberg, R. N. Thermodynamics of the
hydrolysis of adenosine 5'-triphosphate to adenosine 5'-diphosphate. J Biol
Chem 261, 12733-12737 (1986).
Chen, Y. D. Asymmetry and Free-Energy Transduction in Biology. Cell Biophys
12, 87-104 (1988).
Weiss, D. E. Energy-Transducing Reactions in Biological Membranes .I. Energy
Transduction in Ion- and Electron-Exchange Polymers. Aust J Biol Sci 22, 1337& (1969).
Liao, J. L. & Beratan, D. N. How does protein architecture facilitate the
transduction of ATP chemical-bond energy into mechanical work? The cases of
nitrogenase and ATP binding-cassette proteins. Biophys J 87, 1369-1377,
doi:DOI 10.1529/biophysj.103.038653 (2004).
Richards, J. G., Semple, J. W., Bystriansky, J. S. & Schulte, P. M. Na+/K+ATPase (alpha-isoform switching in gills of rainbow trout (Oncorhynchus mykiss)
during salinity transfer. Journal of Experimental Biology 206, 4475-4486 (2003).
Cooke, R. The role of the myosin ATPase activity in adaptive thermogenesis by
skeletal muscle. Biophys Rev 3, 33-45, doi:10.1007/s12551-011-0044-9 (2011).

97

170
171
172
173

174
175
176
177
178
179
180
181
182
183
184
185
186

Perry, C. G. et al. Inhibiting myosin-ATPase reveals dynamic range of
mitochondrial respiratory control in skeletal muscle. Biochem J,
doi:10.1042/BJ20110366 (2011).
Chen, J. Z. & Grigorieff, N. SIGNATURE: A single-particle selection system for
molecular electron microscopy. J Struct Biol 157, 168-173, doi:DOI
10.1016/j.jsb.2006.06.001 (2007).
Sewell, B. T. et al. A mutant chaperonin with rearranged inter-ring electrostatic
contacts and temperature-sensitive dissociation. Nat Struct Mol Biol 11, 11281133, doi:Doi 10.1038/Nsmb844 (2004).
Falke, S., Tama, F., Brooks, C. L., 3rd, Gogol, E. P. & Fisher, M. T. The 13
angstroms structure of a chaperonin GroEL-protein substrate complex by cryoelectron microscopy. J Mol Biol 348, 219-230, doi:S0022-2836(05)00180-4
[pii]10.1016/j.jmb.2005.02.027 (2005).
Clare, D. K., Bakkes, P. J., van Heerikhuizen, H., van der Vies, S. M. & Saibil, H.
R. An expanded protein folding cage in the GroEL-gp31 complex. J Mol Biol 358,
905-911, doi:DOI 10.1016/j.jmb.2006.02.033 (2006).
Ranson, N. A. et al. ATP-bound states of GroEL captured by cryo-electron
microscopy. Cell 107, 869-879 (2001).
Chen, D. H., Song, J. L., Chuang, D. T., Chiu, W. & Ludtke, S. J. An expanded
conformation of single-ring GroEL-GroES complex encapsulates an 86 kDa
substrate. Structure 14, 1711-1722, doi:10.1016/j.str.2006.09.010 (2006).
Rye, H. S. et al. Distinct actions of cis and trans ATP within the double ring of the
chaperonin GroEL. Nature 388, 792-798, doi:10.1038/42047 (1997).
Brocchieri, L. & Karlin, S. Conservation among HSP60 sequences in relation to
structure, function, and evolution. Protein Sci 9, 476-486 (2000).
Pollastri, G. & McLysaght, A. Porter: a new, accurate server for protein
secondary structure prediction. Bioinformatics 21, 1719-1720,
doi:10.1093/bioinformatics/bti203 (2005).
Cole, C., Barber, J. D. & Barton, G. J. The Jpred 3 secondary structure prediction
server. Nucleic Acids Res 36, W197-201, doi:10.1093/nar/gkn238 (2008).
Jones, D. T. Protein secondary structure prediction based on position-specific
scoring matrices. J Mol Biol 292, 195-202, doi:10.1006/jmbi.1999.3091 (1999).
Geourjon, C. & Deleage, G. SOPMA: significant improvements in protein
secondary structure prediction by consensus prediction from multiple alignments.
Comput Appl Biosci 11, 681-684 (1995).
Altschul, S. F. et al. Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res 25, 3389-3402 (1997).
Castresana, J. Selection of conserved blocks from multiple alignments for their
use in phylogenetic analysis. Mol Biol Evol 17, 540-552 (2000).
Talavera, G. & Castresana, J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence alignments.
Systematic Biol 56, 564-577, doi:Doi 10.1080/10635150701472164 (2007).
Cheng, J. DOMAC: an accurate, hybrid protein domain prediction server. Nucleic
Acids Res 35, W354-356, doi:gkm390 [pii]10.1093/nar/gkm390 (2007).

98

187

Kovacs, E. et al. Characterisation of a GroEL single-ring mutant that supports
growth of Escherichia coli and has GroES-dependent ATPase activity. J Mol Biol
396, 1271-1283, doi:10.1016/j.jmb.2009.11.074 (2010).

99

Curriculum Vitae

Sudheer Molugu earned his Bachelor’s degree in Bio-Technology from
Jawaharlal Nehru Technological University in 2006 with First class and Distinction. He
then joined Master of Science degree in Bioinformatics at U.T.E.P in 2006 but switched
to doctoral program in Chemistry in 2007.
Sudheer Molugu has been the recipient of numerous honors and awards such as
the Bioinformatics stipend award in 2006, University of Texas at El Paso Graduate
School Research Award in 2007and the Cotton Memorial Scholarship in 2010. Sudheer
Molugu was also awarded for his poster presentations in 2009 UTEP/SACNAS research
expo and 2010 ACS Chemistry week. While pursuing his degree, he worked as a
teaching assistant for one year and then as a research associate funded by the Welch
Foundation.
Sudheer Molugu has presented his research at international conferences and
workshops such as the 2007, 2008,2009 UTEP/SACNAS Research Expo, 2009 ACS
South West Regional Meeting, 18th Evergreen International Phage Biology Meeting 2009, Rio Grande Branch Annual Meeting for the American Society for Microbiology2010. He also attended workshops such as NCMI-Workshop on Single particle
Reconstruction and Visualization in 2008.
For the time being, Sudheer will remain in the laboratory of Ricardo Bernal as a
postdoctoral researcher.

Permanent Address:

20 Headley Drive
Princeton
New Jersey 08540
100

